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FOREWORD 


In  these  days  much  of  the  interest  and  activity  of  scientists, 
engineers  and  even  laymen  is  directed  toward  the  elimination  of  those 
by-products  of  an  exp.oding  population  and  burgeoning  technology  that 
are  detrimental  to  the  health  and  well  being  of  the  populace.  One 
hears  much  of  the  man-made  perturbations  of  the  ecology  and  the  en¬ 
vironment.  )r.e  hears  even  more  about  those  elements  contributing  to 
those  perturbations;  elements  such  as  air,  water  and  solid  pollutants. 

Among  t:ese  problems  is  another  which  has  received  less  attention 
but  in  terms  „f  its  insidious  effects  may  approach  the  others  in  im¬ 
portance.  I :i : ::  is  the  ever  present  intrusion  upon  the  conscious  and 
maybe  upon  the  subconscious  human  mir.d  of  sound.  .'lot  the  sound  of 
the  mountain  brook  or  symphony  but  the  random  and  raucous  cacophony 
produced  by  much  of  our  technology  ir.  action.  Except  when  such  sound 
evidences  itself  in  abnormal  frequencies  and  amplitudes,  one  is  r.ot 
conscious  that  we  live  with  it  continuous. y.  'What  effect  it  has  on 
our  serenity  and  our  ability  to  concentrate  is  probably  not  too  well 
known,  nevertheless,  if  we  are  to  have  a  well-balanced  and  tranquil 
life,  it  is  necessary  that  we  understand  how  such  undesirable  vibrations 
are  initiated,  how  they  influence  our  lives  and  what  we  can  do  to  sup¬ 
press  or  eliminate  them. 

This  meeting  devoted  to  the  source  and  suppression  of  sounds 
associated  with  a  single  type  of  aerial  vehicle  is  not  directed  toward 
the  more  general  subject  but  it  is  hoped  that  the  information  evolving 
from  these  efforts  will  oe  applied  to  the  specific  case  of  the  vehicle 
in  question  and  will  at  the  same  time  make  a  worthwhile  contribution  to 
the  resolution  of  *he  larger,  more  comprehensive  problem. 
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INTRODUCTION 

In  1968,  scientists  of  the  United  States  Army  Research  Office, 

Durham,  North  Carolina  (ARO-D) ,  and  members  and  staff  of  the  National 
Academy  of  Sciences  and  National  Academy  of  Engineering,  identified 
an  urgent  need  for  renewed  effort  toward  suppression  of  helicopter  and 
V/STOL  noise  in  military  operations.  Academy  studies  also  noted  that 
short-haul  commercial  aviation  was  expected  to  grow  rapidly  over  the 
next  few  years  with  increasing  noise  abatement  problems. 

Subsequently,  a  conference  on  the  subject  of  helicopter  and 
V/STOL  noise  generation  and  suppression  was  jointly  sponsored  on 
July  30-31,  1968  by  ARO-D  and  the  National  Academy  of  Sciences  and 
National  Academy  of  Engineering.  .An  NAS-NAE  report  entitled,  "Heli¬ 
copter  and  V/STOL  Noise  Generation  and  Suppression",  November  1968, 
summarized  the  findings  of  this  conference  and  identified  important  areas 
of  research. 

In  response  to  the  findings  of  the  July  1968  assessment  meeting, 

ARO-D  initiated  in  July  1969,  a  Helicopter  Noise  Investigation  Program 
with  six  new  projects.  At  the  inception  of  this  program:,  a  coordination 
meeting  was  held  at  ARO-D  to  encourage  the  free  exchange  of  information 
between  participants  and  to  integrate  the  efforts  of  various  researchers. 

An  ARO-D  report  entitled,  "Army  Helicopter  Noise  Investigation  Program", 
September  1969,  gave  summaries  of  the  work  to  be  performed  on  the  ARO-D 
projects,  three  AVLABS  projects,  two  other  rele\ ant  ARO-D  projects,  and 
the  in-house  research  efforts  of  the  Army  Aeronautical  Research  Labora¬ 
tory. 

Since  the  Helicopter  Noise  Program  has  been  in  operation  approximately 
two  years,  it  was  felt  that  a  good  professional  look  at  the  whole  program 
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was  required  at  this  time.  Thus,  a  symposium  in  which  recognized  experts 
in  the  helicoyter  noise  field  -would  participate  has  been  organized. 
Primary  researchers  from  ten  ARO-D-sponsored  contracts  and  five  other 
groups  presented  papers  cn  the  subject  of  helicopter  noise.  In  addition, 
helicopter  noise  research  at  two  U.  S.  Army  Air  Mobility  R  &  D  Labora¬ 
tories  (AAMRDL) ,  at  NASA  Langley  Research  Center,  and  at  the  Office  of 
the  Chief  of  Research  and  Development  (OCRD)  was  discussed. 

This  report  includes  all  formal  papers  presented  at  the  Helicopter 
Noise  Symposium  held  in  Durham,  North  Carolina,  on  September  29-30,  1971. 
Although  much  cross  correlation  and  discussion  between  helicopter  noise 
researchers  was  encouraged,  this  report  was  handed  to  each  symposium 
attendee  as  the  official  proceedings  and  no  discussion  could  be  included 
herein. 
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The  Aar*  DlrtiIor>t»  h#»  cNrdilUtH  Its  efforts  (•  four  kuk 


AT  THE  AHES  OUECTORATt  Of  THE 
U.S.  AMY  Alt  HOttLiTY  RESEARCH  A  DEYELOfftEMT  UiOMTORY 

Th*  research  U  aircraft  noise  which  is  being  conducted  by  the 
V‘.  S.  Aray  Air  Mobility  Research  A  Devrlt>po*nt  Laboratory  is 

exclusively  related  to  rotary  wing  vehicle  noise.  Although 
tom  «fiorc  la  going  into  lift-fan  no  la*  reduction,  the  majority  of 
the  work  addrcaaca  aerodynanfcally  generated  rotary  win*  notae.  The 
Ar«y*c  primary  objective  (Slide  T)  to  he  obtained  through  thia 
nolae  reduction  teaearch  program  la  to  minimi*#  aircraft  detection 
tie*  and  dlataaca  on  present  ,M  future  V/STOt  aircraft.  The 
sin  imitation  of  crew  atatlon  cabin  nolae  and  the  ninintaatlo*  of  the 
annoyance  of  Amy  aircraft  operations  to  the  surrounding  c  anew  It  its 
are  two  additional  goals.  These  objectives  are  being  achieved  through 
efforts  which  are  fuadanental  in  nature  and  are  directed  primarily 
st  understand  Is*  sad  reducing  the  noise  sources. 

ROTARY  W’NG  ACOUSTIC  RESEARCH 

PROGRAM  GOAL 

•  UNOERSTANOiNG  AND  ELIMINATION /REDUCTION  OF 

ROTARY  WING  NOISE  MECHANISMS 

ARMY'S  DIRECT  INTERESTS 

•  DEFINE  AND  MINIMIZE  DETECTABILITY 

•  MINIMIZE  CABIN  NOISE 

•  MINIMIZE  THE  ANNOYANCE  OF  ARM*  AIRCRAFT 

to  the  surrounding  community 

Slide  1 


arras  of  acoustic  research  which  are  listed  in  Slide  1.  They  are  haste 
acoustic  theory,  helicopter  and  V/STOL  nolae  reduction,  aye tons 
studies  of  noise-performtnee  tradeoffs,  and  acoustic  wind  tunnel 
investigations,  a  gulch  review  of  each  subject  area  will  now  be 
presented  in  order  to  outline  the  extent  of  the  Anes  Directorate*# 
research  effort, 

ACOUSTIC  RESEARCH 

•  BASIC  ACOUSTIC  THEORY 

•  HELICOPTER  AND  W$T0L  NOISE  REDUCTION 

•  SYSTEMS  STUOCS  or  noise-performance  TRADEOFFS 

•  acoustic  wmo  tunnel  investigations 

slide  1 

Tt.  first  arcs  of  research,  entitled  "Beale  Acoustic  Theory," 

address.  *  the  fms Irnss tale  or  the  generation  and  a . r— nt  of 

eerodyaanlc  sound.  Under  e  study  contract  with  Stanford  Dnlvrrsity, 
the  sound  produced  by  a  vortex  interacting  with  n  rigid  fist 
plate  airfoil  U  he log  explored.  A  staple  tw  dla— eleoal 
analysis  nf  the  vertex-wing  interact Ian  haa  been  developed 
to  assess  the  importance  of  the  I adored  vertex*#  notion  on 
the  generation  nf  noise  (Slid*  A), 
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The  Asms  Directorate  of  aibm.  Is  located  at  sasa*o  Anes 
teaen-ch  Canter,  (Slide  J|  ftoffett  Field.  California.  Coder  an  agreement 
far  Joint  pertlclpstfm  between  NASA  and  the  /my,  the  staffs  of  both 
organisations  perform  Jointly  In  accomplishing  research  of  notual  Interest, 
exchange  of  aeepuwer  an*  fiscal  resources  is  included. 
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Aa  the  vortex  passes  the  rigid  airfoil.  ;t  is  allowed  to  fallow  it# 
na  trajectory  an  detemined  hy  the  wing-wet  ex  internet  ion,  in 
prewlone  Invent ignt Iona,  the  »tlM  nf  (Ms  vortex  he#  keen 
restricted  to  neve  parallel  t#  the  elrf »ll.  Frellntnary  results 
Indicate  that  the  additional  sound  produced  hy  allowing  tha 
vortex  to  nrv#  along  Itn  own  trajectory  In  tigniftrant. 

Another  research  effort  hae  coeesencsd  to  tr,  *-  /*velsp 
terhnifues  which  can  be  wed  to  predict  the  far  o-'ouetlr  field 
(tom  selected  a#*r-f(*!d  pressure  acasorrnents.  This  thee  ret  leal 
study  la  being  performed  tn •house  and  fa  dsslgnod  for  potent  In! 
application  In  the  Anes  ttXM  Foot  Find  Tunnel. 
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TtM  gagged  a»J«r  ant  af  nitty  «U|  kmUc  raaaareh 
la  ballcaftar  ami  V/STSL  aalaa  ami  rtAKtlaa.  Kmc 

•(  the  pfuraw  la  thta  area  an  be  tag  yattamai  la  Mat. 

Oaa  yerdculerly  aaeeylag  ftatart  at  haUce#c*r  fllfht 
la  eta  acmraacc  at  laywlelve  aalaa  la  careala  fll|ht  rattata. 

TW* rat  leal  ami  aafarlaaacal  pragma  ara  kla|  ywrewad  la  aa 
at fart  ca  cry  ta  waderatead  t he  paraaatara  akltk  ara  layer  mt 
la  tla  yaeeractea  at  tkla  tyyc  af  aalaa.  Ac  hit*  advancing 
(11  Meek  nat ara.  elgetflcaec  lacream  la  imi  ami  tamale 
ceatnt  af  rater  aalaa  law  taaa  eat  lead.  S*u  Aid  wa  gathered 
la  ctia  wuwaai  MHO  feet  KM  Tweed  la  which  aalaa  wee  mamatai 
am  a  f«tl-acala  belle  a#  ter  racar  ehewad  a  ray  id  1 acraaaa  la 
aaami  yrcaewre  |<rwl  vUk  lacraealag  tty  Hart  amber  «*aa  eyeraclac 
la  eta  traaaealc  reage  (St lta  M.  fear  car  re  lac  in  k»wm 
tkaacy  ami  eayertant  we a  aeted  ukati  eyerattag  ta  ctla  raegc. 


EFFECTS  OF  ADVANCING  TIP  MACH  NUMBER 


.75  .85  .95  1.05  1.15 
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Inclwdtag  It*  aalaa  a**  ca  <aa#re«f Ibllltr  drag.  kmrrrr. 
clgnffUeatly  tayr mi  Ckf  catraUllaa  bet  wen  theert  «4  nyer lavet . 
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Blade  ala#  (f^wlalvt  aalaa)  la  alaa  tfcwgit  ca  accar  wfcee  eta 
blade  af  a  racar  la  car  acta  with  eta  cl#  varies  af  eta  #r acedia*  blade.. 
lc  ear  m<*1  in  dace  callaccad  frees  #ravtaaa  fvll-ecale  vtad  caaaal 
lavaacl#acla«a  af  batlca#tar  aalaa  ctat  d la dace  a#tfcas  la  eta  aaaad 
yreeewrc  level  data  ware  accar r  lag  at  lacaclaaa  which  carrae#aadad 
ta  fataatlal  blade  varies  tat trace tieee.  Teat a  have  aaa  bees  caadactad 
la  cbe  AHM 1  tmaa  7X10  feet  Ml  ad  Tweed  eclat  a  Rtlack  dlaaatar 
■adel  rater.  Sca#-acclaa  yhetagrayha  chewlag  ca#  aed  aide  vlava  af 
several  ete#aa  af  vartaa  lacaraactlM  are  (baa  la  Slide  7.  TV* 

TIP  VORTEX  TRAJECTORY  OF  A  TWO-BLADED 
HINGELESS  ROTOR 
*PMb«0Oiji"QEi4c"tr 
TOP  camera  side  camera 
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abjective#  af  ctla  tea*  were  ca  car  relate  cbe  by#etbee!ted  blade  vertex 
laterecClaaa  with  (be  aaaad  yraaewre  level  recardlaga.  Xaeelte  at 
cble  tavnclgaclaa  km  eat  beea  caa#lelely  eativfytag.  Ite  yrlmrv 
#rebl«a  vbtcb  w aa  eacavetered  wae  camlet  leg  ttc  ai«M  yreeawrr  lain 
recardlaga  aed  cbe  flla  data.  Mark  la  cwrraacty  ketag  caudate rd  -a 
■dee ia lag  better  gale  area  tel* lea  ami  aaalyala  egvlyseat  ami 
devela#  lag  •arc  aayklatlc  tew  cachaigma  far  gravid  lax  »kla  wrriitlw. 

Aa  la  kwac  rcaearrl  affarc  ta  orrdatt  cbe  lacaac  available 
thee  re  Heel  #eedlr»*  rrbntgwea  wick  e^erlmatal  aalaa  dele  t* 
be  lag  yarned.  yregrrn  related  Ca  tkla  affwrt  la  aw  U  vhlrb  ** 
accaa#c  la  be  lag  *ad a  ca  verify  aad  exceed  laedtag  leva  «kttk  have  ben 
#eatvletad  #rev|asaly  far  wae  la  the  yndictln  at  retary  wtag  reteclaaet 
e»la».  Wader  a  #eevlan  Area  mftrlai  effert,  a  tl**retlc*l  cached 
wea  devele#ad  by  Uwaea  aad  Atlerbeed  far  the  ywryeee  af  yrvdlrtiax 
•ara.'yaealcatly  gaaeraCad  wire.  A  dra*«rk  ta  tba  den  taped  ttmrr 
w aa  the  regdreagat  far  very  detailed  carmyacalc  lead  lag  lafernetm 
ami  tbla  regal  red  detail  la  eat  available  far  r*tery  wlag  vatic  in 
tedey*  Recegalclag  tbla.  the  leant  tgeters  aaalyxad  lacagrated  aeradnawt. 
pranwre  data  akick  w aa  available  ami  byyetMalxgd  a  laedtag  lew  fa 
be  aaad  la  Hew  af  cbe  regwtred  detailed  eeradpaaalr  laywt.  Wader 
cbe  <«r mt  yregraa,  Art  tiled  blade  leading  date  «*4  tat  HaUt  emetic 
data  have  ban  alnlcaweanlv  rarardad.  Tkla  gate  wn  abtalaag  tram 
wind  ewaaal  ngirlaam  aver  a  wide  raaga  af  eyerattag  peraartery. 
baswlc a  fra*  tbla  yragras  are  jnc  bacMrtag  nailable.  It  la  aMtctymd 
tMt  tbla  dace  will  yield  yen  **f  the  lafemttee  wbl'h  la  regnired  ta 
ntabllak  blade  I  aad  lag  In  mt  a  wide  range  af  ayvrat  lag  yaradetrr* 
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m4  that  this  loading law  information  can  (Km  H  used  to  provide  acre 
accurate  prediction#  for  tha  rotational  component  of  rotary  wing 
aerodynanicslly  generated  noise.  Data  fro*  chi*  p region  will  be  sweated 
with  data  ha  lag  takan  under  a  present  MSA-Arny  program  at  tha  Laaglay 
Maaarch  Cantor*  Sluulta oesua  blads  pressure  data  and  acoustic 
measurements  ara  ha  lag  takan  M  full-scale  helicopter  hladao  afaratlng 
on  tha  MSA-Langley  Uiirl  Tower  Facility. 

U  corporation  with  NASA,  a  United  effort  ala#  exists  to 
urdatataad  and  y rad let  lift-fan  noise.  Sons  concepts  actively  ha lag 
Investigated  include  tha  use  of  a  serrated  leading  edge  to  reduce 
fluctuating  lift  noise  and  stator  lean  to  reduce  rotor-otrter  interaction 
no  la's. 

Ihe  last  area  of  research  which  car-  he  classified  under  the  heading 
of  helicopter  and  V/STOL  t-Uae  prediction  and  reduction  is  entitled 
rotor  acoustic  synthesis.  ”1»ts  progran  la  Just  hegiaalag.  Its 
pr inary  objective  is  to  develop  a  nethed  of  eyntheolxlag  audlhla  sound 
in  seder  to  s)  verify  analytical  noise  analysis  by  comparison  sf 
analytically  produced  synthetic  noise  and  actual  neasured  noise,  and 
b)  predict  nelae  charscteriatics  of  future  aircraft  or  sf  awdlf  lent  ions 
to  existing  aircraft.  The  significance  of  this  effort  lias  In  the 
iMsdiate  ellninatlon  of  existing  subjective  Miss  Judgments,  The 
ear  will  be  given  the  opportunity  to  Judge  the  characteristics  of  (he 
analytically  generated  noise.  Such  *  technique  will  enable 
quantitative  evaluation  of  rotary  uing  operational  and  dealgn  tuleoffs 
to  aacertain  the  more  important  acouetlcal  characteristics  of  proposed 
designs  prior  to  experimental  testing. 

Systens  studies  of  V/STOL  noise  is  the  third  area  of  active 
research.  A*  lsplicd  previously,  the  most  direct  and  effective  way 
of  alleviating  the  rotary  wing  noise  problen  la  to  ellninate  the  source. 
TMa,  however,  nay  nonbe  feasible.  Therefore,  ways  and  moan*  of 
reducing  aircraft  noiseithrough  system  dealgn  and/or  a  Judicious  selection 
of  flight  paths  are  being  investigated.  The  current  in-hwsc  effort, 
which  was  initiated  under  an  Army-XASA  contract  with  loelng-Vcrtol, 
consists  of  the  optimization  of  the  trsJectory;of  a  tilt-rotor  aircraft 

TRAJECTORY  OPTIMIZATION  OF  A  TILT-  ROTOR  AIRCRAFT  WITH 
NOISE  CONSTRAINTS 


TASK  OBJECTIVES 

•  ExFLORE.  THEORETICALLY.  MINIMUM  TiMC  ANO  FUEL  TRAJECTORIES  OF 

A  TILT*  ROTOR  AIRCRAFT  OURlNG  TAKEOFF  ANO  LAWNG  WITH 
STRUCTURAL,  AEROOYNAMlC,  TRAJECTORY.  ANO  NOISE  CONSTRAINTS 

•  BETTER  OCFiNE  THE  AREAS  WHERE  THEORETICAL  ANO /ON 

EXPERIMENTAL  RESEARCH  NCEOS  TO  K  CONCENTRATED 

•  TRY  TO  ESTABLISH  ANO  MiN.Ml2E  MEANINGFUL  SOidCCTIVC  NOISE 

CRITERIA  WHICH  EVALUATE  TOTAL  AIRCRAFT  OPERATIONAL  NOISE 


Slid*  I 

with  seise  constraints.  (Slide  A).  The  objectives  ef  the  Initial 
pragra*  were  to  explore  on  a  theoretical  baslo  the  ainlamm  tine  and  the 
fuel- trajectories  of  otiU-rstor  aircraft  diring  the  takeoff  and  landing 
phasoa  of  flight  with  structural,  aerodynamic,  and  nelae  constraints. 
Secondary  objectives  were  to  define  areas  of  research  where  theeretlcal 
and  expert  sen  tel  effert- needs  to  be  concentrated,:  as  we  I  I  as  establish 
and  nlninltc  nvaningful  subjective  noise  criteria  which  evaluate  total 
aircraft  operational  noise.  Currently,  the  emphasis  I*  being  placed 


upon  using  thin  theoretical  study,  to  naoese  net hods  of  reducing  tilt- 
rotor  detectability  through  flight-path  control. 

This  progran  has  Involved  the  developetfnt  of  both  a  theoretical 
performance  and  far-fleld  acoustic  nodal  of  «  tilt-rotor  aircraft 


ACOUSTIC  MODEL  OF  A  TILT -ROTOR  AIRCRAFT 

CONTROLJ 

RTlt- rotor! 

I PERFORMANCE  1 
M00CL 


GOUNO  ATTENUATION 
MOLECULAR  ABSORPTION 


SOUND  PRESSURE  LEVEL 
[SPECTRA  AT  CROUNO  LOCATIONS 


ROTATIONAL  NOISE  PREDICTION  OF  A  TltTlNG  ROTOR  IN  NON-AXIAI  FUGHT 
MOOfFlCATiON  OF  OLLERHEAO  ft  LOWSON  HELXOPTER  ROTATIONAL 
NOISE  PREDICTION  TECHMOUE  (HERON  V).  BLADE  LOADING  LAWS  WU. 
BE  CORRELATED  WITH  PERFORMANCE  PARAMETERS  |i.t,  INFLOW) 
VORTEX  NOISE  <  EMPIRICALLY  FlTTEO  DATA 
ENGINE  NOISE*  EMPIRICALLY  FITTED  DATA 


Slide  9 

(Slide  9).  In  the  aceuatlc  model,  rotational  nelae  and  vortex  noise 


were  considered  and  found  to  be  dominant  over  engine  and  t resents s Ion 
noise.  The  rota tioaal  noise  ms  predicted  from  a  Modified  version 
of  Loosen  and  Ollerhead's  method  for: predicting  helicopter  rotational 
noise.  The  program  previously  mentioned  regarding  the  generation  of 
blade  loading  law  Information  Is  being  incorporated  Info  this  model. 
The  blade  loading  lews  postulated  by  the  previous  investigators  are 
not  suitable  for  the  wide  range  of  operating  conditions  experienced 
by  o  tilt-rotor  aircraft.  In  this  model,  vortex  noise  1*  predicted 
using  enpirlcally  fitted  data. 

A  typical  noise  abatement  takeoff  profile  that  night  be  flown  by 

EFFECTIVE  PERCEIVED  NOISE  LEVEL  VERSUS 
DISTANCE  ALONG  THE  FLIGHT  PATH 


a  ceMerclel  tilt-rater  aircraft  Is  illustrated  In  Slide  10.  A 
purely  vert  leal: takeoff  trajectory  is  flown  to  an  altitude  ©rjOOO  feet 
to  reduce  the  noise  exposure  near  a  hypothetical  takeoff  site.  An 
observer  located  at  <he  three  Ioc«tiens,  A,  C,  and  f,  which  correspond 
to  dletancea  of  TOO,  POO,  and  JJOO  feet:  ftom  the  takeoff  point  vould 
hear  the  naxlMm  sound  pressure  level  curve  Illustrated  In  Slidcrll. 
Rotational  and  vertex  noise  components  are  discernible  In  each  ease. 
The  effects  of  atnespherlc  absorption  included  In  the  model  are 
noticeable  at  tbe.hic.her  harmonica  «4icre  they  drop  off  rapidly  as 
distance  fe  increased. 
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ROTARY  WING  ACOUSTIC  RESEARCH  AT  THE  AMES  DIRECTORATE  OF  THE  0.  5.  ARMY  AIR  MOBILITY  RESEARCH  &  DEVELOPMENT  LABORATORY 


SOUND  PRESSURE  LEVEL  VERSUS  FREQUENCY 

IIO  r 


Slid*  !1 

Although  ch«  first  phase  of  this  effort  la  ccdete,  a  similar 
U -bouse  theoretical  study  of  other  rotary  wing  V/STOL  configuration* 
la  planoed.  Eaphaals  will  fra  placed  upon  understanding  the  operational 
iradaoffa  which  art  possible  with  V/STOL  aircraft  through  Might 
trajectory  aanagament. 

The  'aat  area  of  reaearch  to  he  reviewed  is  acoustic  wind  tunnel 
investigation#.  The  A ray  has  embarked  upon  several  >n«hou*c  prog rasa 
to  determine  the  feasibility  of  using  the  wind  tunnel  to  gather  acoustic 
data.  This  effort  la  required  to  help  develop  an  adequate  supply  of 
accurate  V/STOL  acoustic  data  which  has  been  taken  under  carefully 
controlled  test  coed It Iona. 

l/nfortuaattly,  taking  acoustic  data  In  the  conf lnea  of  a  wind  tunnel 
la  not  an  easy  task.  In  none  tunnels  It  nay  not  be  possible  to 
accurately  re-product  t'it  acoustic  characteristics  of  free-ficld 
noise,  fteverberatlon  effects,  tunnel  fan  noise,  and  boundary  layer 
noise  nay  asks  it  difficult.  If  not  lapoaslble.  to  distinguish  model 
generated  noise  Iron  tunnel  background  noise. 

An  in-bause  program  to  survey  the  acoustic  properties  of  the 
Ami  Directorate's  own  7*10  Foot  Wind  Tumcl  (Slide  IT)  1*  nearlag 


Slide  12 

eoflpleclen.  Preliminary  result!  ladlcate  that  the  edification  factor 
of  the  tunnel  la  both  a  strong  function  of  frequency  and  microphone 
location  In  the  tunnel-  Thun  It  will  be  necessary  to  acoustically  treat 
the  tunnel  *o  nakc  gw*  at  It  stive  roeary  wing  noise  measursmtmts  that  can 
be  co.rected  to  free  field  conditions.  At  the  present  tint,  the  Anee 
directorate  la  support lng  a  research  contract  with  Penn  State  University 


to  vip lore  various  alternative  scans  to  iaprove  the  acoustical 
character  1st Ks  of  the  7X10  loot  Subsonic  Wind  Tunnel. 

The  40X80  Foot  Wind  Tunnel  (Slide  137  Is  also  being  used  to  take 


m  Ur  n 

acoustic  data  on  full  scale  aircraft.  One  third  octave  band  ad lficatlon 
factors  have  »*een  establish*.!  for  the  tunnel  and  the  personnel  there 
have  a  policy  of  taking  noise  measurements  for  all  testa,  l-eaningful 
quantitative  ac«uatle  data  has  been  taken  In  the  confines  of  the  tunnel 
Illustrating  both  broad  acoustic  trends  and  the  effects  of 
Incremental  design  and  ope ret  tonal  changes  -n  the  acoustical  characterlft les 
of  several  V/c TOL  aircraft.  Acoustic  measurement*  will  be  taken  bv 
NASA  on  both  che  OV-IO  (Slide  14}  and  XV-5  (Slide  IS)  aircraft  in  the 
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Juuaary  uf  Helicopter  Noise  Kettirch  «e  Eustls  Directorate. 
U.S.  Arey  Air  tobtlley  RbD  Laboratory 


based  on  Fourier  t ran) fori,  technique*,  provided  a  narrow  digital  filter 
which  accurately  calculated  both  amplitude  and  phase  of  the  noise  compo- 


John  E,  Yeates,  Chief,  Aeroaechantca  Dlviaien 
Ullliaa  E.  Nettles,  Acroapace  Engineer 
Willie*  T.  Alexander,  Acroapace  Engineer 


nenta.  Thte  digital  technique  atao  allowed  ctoae  central  of  the  specific 
aaaple  of  the  noise  signature  aelectcd  for  analysis,  an  item  of  particular 
importance  where  the  nolae  haa  a  tranaiert  quality. 


Helicopter  noise  research  haa  been  underway  at  Euatis  Directorate 
»lncc  abuut  l«*l>  and  nuatrou,  rtport.  r.fortln,  CU  rtt.lt>  h*vc  brtn 
published. 

The  present  repore  treats  only  chose  research  efforts  that  are  Jjsc 
being  completed  or  are  now  in  progress. 

Sumary  of  ttw  folloulng  r.lMrth  tludl.a  will  tovtr  five  f.Mral 
areas, 

■*.  Tip  vortex  noise 

b.  Shed  vortex  and  rotational  noise 

c.  Internal  noiae  (transmission,  engine,  etc.) 

d.  Tail  rotor  noise 

e.  Measurement  A  detection  of  noise 

[*  INVEST! CATION  or  THE .REDUCTION  or  ILADC  TIP  VORTICES  AND  NOISE  DUE  TO 
NOTCH  WAkE/BLADE  INTERACTION .  BY  Alt  INJECTION  AT  THE  SLA  DC  TIP 

Sugary:  Subject  effort  la  betng  perfonaed  by  MSA  under  Contract  DAAJ02- 

7l*C*00)6.  The  prograa  is  essentially  an  experlaencal  Investigation  to 

Jeter* in*  the  practicality  of  introducing  a  aasa  of  air  into  the  tip  vortex 

core  of  a  rotating  rotor  blade, as  a  swans  of  aodlfylng  or  dissipating  the 

vortex.  Essertial  to  the  conduct  of  this  study  will  be  the  atasurewent 

of  Influential  paraaeters.  and  both  visual  and  optical  (photographic) 

recording  of  blade  tip  and  vortex  flew  patterns  In  the  University  of 

Maryland  4*  X  11*  wind  Tunnel,  taproved  discernment  of  flow  patterns  is 

expected  by  application  of  new  hydrogen  bubble  techniques.  The  test  aodei 

will  be  a  full  scale  helicopter  blade  tip  with  tie  s^an  property  sited  to 

fit  the  wind  tunnel  test  section.  A  few  of  the  parameters  that  will  be 

studied  are  angle  of  attack,  aass  Injection  rate,  location  and  size  of 

aais  Injection,  lift,  drag,  vorticlty  distribution,  etc.  Their  effects 

on  the  coupling  characteristics  of  the  trailed  vortices  and  the  aerodyne* 

ale  flow  of-the  aodei  will  be  Investigated. 

Finally,  all  data  will  be  analyzed  to  detenslnc  If  tip  injection  Is  a  prac¬ 
tical  ae»n*  for  eliminating  the  vortex  without  compromising  rotor  perfor¬ 
mance, 

NOTE:  Completion  date:  January  1)72. 

t 

2.  INVEST ICATIONOfTHE  VORTEX  NOISE  PRODUCED  RY  A  IgLICOTTPR  RerTOR 
Sugary;  The  objectlveof  this  prograa  was  twofold.  The  first  part  was 
to  develop  an  advanced  capability  to  accurately  analyze  the  more  subtle 
coae^ents  of  helicopter  noise.  In  particular,  the  broad  band  or  vortex 
noise.  The  second  part  consisted  of  the  developaent  of  an  explicit  analyses 
to  predict  rotor  vortex  noise  based  on  a  correlation  of  the  vortex  noise 
components  with  <*  shed  vortex  analysis.  That  Is,  Instead  of  being  satis¬ 
fied  with  empirical  curves  fit  to  what  Is  nominally  called  vortex  noise 
as  had  b.»en  done  In  the  past,  an  atteapt  was  made  to  predict  vortex  noise 
based  on  a  specific  aerodynamic  source. 

The  effectiveness  of  this  research  required  the  developaent  of  a  digital 
band  pass  filter  for  analyzing  noise  records.  This  computer  prograa, 


In  the  second. phase  of  this  prograa.  this  filter  was  used  to  extract  the 
vortex  noise  froa  selected  signatures.  The  noise  was  examined  and  corre¬ 
lated  with  shed  vortex  calculations.  The  correlation  results  were  used 
with  existing  nolae  analysis  theory,  and  an  analytical  technique  was  deve¬ 
loped  for  predicting  the  helicopter  vertex  noise  signature. 

The  resulting  analyses  were  used  to  study  the  basic  character  of  vortex 
noise  preduced  by  the  helicopter  rotor.  One  point  of  particular  Interest 
was  the  ability  to  reproduce  on  magnetic  tape  a  vortex  noise  pattern  which 
could  readily  be  identified  as  a  helicopter  noise  signature  although  rota¬ 
tional  noise  was  not  present.  White  the  results  of  this  work  have  not  yet 
been  fully  reported  or  evetuatee.  It  Is  anticipated  that  these  findings 
wilt  produce  a  significant  new  capability  to  analyze  and  understand  the 
quality  of  helicopter  noise. 

NOTE:  This  work  has  Just  been  completed  under  Contract  DAAJ02-70-C-002) 
wl**»  Rochester  Applied  Sciences  Associates  (RASA).  Final  report 
to  be  dlstrlb*ited:about  December  1971, 

3.  DEVELOrCMT  OP  A  TECHUQUE  FOR  REALISTIC  PREDICTION  AND  ELECTRONIC 
syndesis  or  giicomz  rotor  noise 

Objective:  Extend  current  analytical  prediction  teehnlquefor  rotor  broad¬ 
band  noise  to  Include  rotational  noise  and  develop  a  method  of  slaalatlng 
the  noise  signature  of  a  helicopter  from  the  predicted  noise  force  constants. 

Approach: 

a.  Develop  an  acoustical  data  bank  (controlled  data,  l.e,*  whlrltower, 
flight  test,  etc.) 

b.  Extract  rotational  noise  frua  the  broad-band  noise  (using  method 
developed  under  Contract  DAAJ02-70-C-002J) 

c.  Extend  RASA  analytical  prediction  technique  to  Include  rotational 
noise, 

d.  Develop  technique  for  converting  predicted  noise  Into  analog 
acoustic  tapes. 

e.  Evaluate  effectiveness  of  noise  prediction  and  simulation  methods 
by  comparing  predicted  results  with  experimental  J.ta. 

SuuMry:  RASA,  under  Contract  DAAJ02-70-C-OD26,  developed  an  analytical 
technique  for  predicting  the  acoustical  signature  of  a  helicopter  rotor. 

This  method,  however,  only  accounted  for  the  broad  band  (boundary  layer) 
oscillatory  noise.  The  current  study  Is  designed  to  expand  this  tool  to 
Include  derivation  or  the  force  constants  for  rotational  noise.  The  tech¬ 
nique  wilt  be. designed. to  predict  noise  of  a  rotor  using  such  paraaeters 
**:  number  of  blades, blade  chord,  blade  thickness,  blade  twist,  rotations* 
speed,  forward  velocity,  aircraft  weight,  and  aircraft  attitude. 

In  attacking  this  problem,  the  Contractor  wilt  research  and  catalog  all 
rolse  data  considered  accurate  and  applicable  to  the  task.  Selected  data 
wjll  then  be  converted  froa  analog  to  digital  fora  to  permit  separation 
of  the  rotational  from  the  broad  band  (vortex)  noise  using  the  extraction 
method  developed  under  the  above  contract,  Ihe  force  constants  derived 
for  both  noise  sources  (broad  band  A  rotational)  are  then  converted  Into 
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parametric  fare  as  function*  of  tha  rtw  liiUf  control  paramster*  to 
form  o  Roto  book. 

In  addition  to  tha  above.  tho  Coot  roc  tor  lo  to  Investigate  •  mm  of  elae- 
tfo.tc.tly  .tail.tlM  totor  MiM  ky  cwrtlii*  tk.  yr.Clct.4  4t|tt.l 
signatures  into  aaalog  acoustic  tape.  Such  tapes  than  can  bo  ussd  at  o 
design  tool  In  subjective  evaluation  of  a  now  design  or  planned  rotor 
•edification. 

finally,  the  Contractor  la  to  teat  tho  accuracy  of  thla  doaign  tool  by 
corrolatlng  tho  predicted  roaulta  with  experimental  data  froo  the  L‘M*»I 
and  Vortol  Nodal  147.  Data  wilt  bo  compared  aa:  (a)  proaaure  tine  Matory 
plots,  <b)  noise  spectrum  plots,  and  (c)  subjective  evaluation  of  audio 
tapes,  further,  for  the  HUM  configuration  currently  under  development ,  the 
Contractor  will  predict  and  provide  simulated  nolap  tapes  in  the  soon  for* 
net  as  for  above  alreraft. 

I'pon  completion  of  the  above,  the  Contractor  will  demonstrate  and  instruct 
Army  personnel  In  the  capabilities  and  practical  use  of  the  design  tool. 

MOTE:  Thla  study  la  being  performed  under  Centrrct  CAAJ02-71-C-0044. 

(A  l 2 -month  effort  with  a  completion  date  of  June  1972) 

4.  INTERVAL  MQISC  ttOWCTIOg  (Cearbox  Noise  and  Vibration  Reduction  for 
Rotary-wing  Aircraft 

Samoa ry:  Approximately  four  years  ago.  this  Directorate  initiated  a  pro¬ 
gram  with  Hechaatcal  Technology,  Inc.  (NTl)  of  Hew  York  t»  analytically 
Investigate  means  of  reducii*  the  internal  noise  levels  ot  helicopters 
by  Improved  design  of  transmission  goarlng.  Also,  this  effort  was  further 
enhanced  by  the  possibility  of  achieving  an  extended  Tima  getween  Overhaul 
(TO)  as  a  rasult  of  reducing  the  dynemlc  force  levels  between  drive  train 
components.  One  of  the  achievements  to  result  from  this  initial  effort 
has  been  the  development  of  analytical  tools  and  methods  of  predicting  noise 
levels  of  various  goar  trains.  This  Directorate  new  has  a  computer  program 
that  provides  smans  of  evaluating  new  transmission  designs  as  well  as  pro* 
posed  modifications  for  noise  reduction. 

Although  some  of  the  recomwndet  loo*  derived  from  the  KTI  programs  have 
proved  Impractical  (such  as  machining  corticated  tueth  profiles)  others, 
such  as  operating  coo  near  critical  vibratory  frequencies  end  having  too 
stiff  or  too  soft  bearing  supports,  are  proving  to  have  meric.  Many  of 
the  JfTI  findings  ore  being  experimentally  verified  through  a  research 
program  now  being  conducted  at  leelngfVtrtel  *( Invest igat ten  of  Helicopter 
Transmission  Holst  Reduction  by  Vibration  Abrorbers). 

A  survey  of  the  major  slrfrne  manufacturers  and  Government  agencies  is 
currently  being  made  In-house  te  determine  the  overall  status  of  noise 
reduction  efforts  and  whet  is  required  to  assure  quiet  helicopters  of  the 
future. 

U  Is  becmalng  increasingly  clear  and  essential  that. a  bay  to  any  aeccess- 
ful  noise  rnductien  pregram  is  cooperative  effort  between  the  designer  end 
acoustician  during  Initial  design  and  In  the  application  of  the  Coots  new 
available. 

•»0Tl:  Final  Report  due  September  1971 • 

*•  ADVAHCtO  RRSRARCH  RROJtCTS  ACEMCT  (AREA) -QUIET  HELICOPTER  FMOCRAH 
Smmsq:  It  is  well  known  that  tie  tactical  use  of  the  helicopter  In 


Southeast  Asia  has  bean  somewhat  esmp remised  by  Its  high  noise  levels. 

That  is,  the  element  af  surprise  la  negated  by  early  aural  datactien. 

In  an  affert  te  tectlfy  tble  condition,  APRA  reco— redid  that  three  "crash" 
programs  bo  Initiatod  to  prove  the  feasibility  of  quietening  three  operational 
typo  helicopter  a  (the  Kamsa  HM-431,  Sikorsky  SH-3A,  end  Hughes  0N-4A)  mine 
currant  tachaeloey.  The  Rust is  Directorate,  ws»  directed  to  menage  the 
technical  and  contractual  aspects  of  each  program.  The  necessity  for 
4 
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Figure  I 

sepeente  contracts  is  apparent  from  the  responsibility  given  each  Contractor 
in  performing  "hose  I:  The  design,  fabrication,  and  inatallatiom  of  those 
modifications  thot  the  Contractor  felt  would  aid  In  reduclt*  the  external 
noise  of  his  particular  helicopter.  Phase  It:  the  evaluation  phase,  was 
the. responsibility  of  tbe  Ceverument  which  conducted  noise  measurements  at 
the  Wallops  Island  test  stetion  "before  and  after"  the  modifications  for 
etch  aircraft  to  determine  thanoise  reduce I an  achieved. 

The  modifications  performed  on  each  vehicle  arc  Identified  In  Figure  l. 

Although  the  quantitative  results  ef  the  three  programs  arc  classified, 
seme  ef  the  cenclwslene  chat  may  be  revealed  are: 

A.  1 «e  tip  speed  of  thq  mein  refer  has  the  most  pronounced  effect  on 
the  helicopter's  noise  signature.  Hswever.  helicopter  perfenmnee  Is  com* 
premised  (forward  sp.  d,  pay  load,  range)  as  a  result  af  reducing  rotor 
speed. 

b.  Mechanical  sources  uf  sound  such  as  gearbunes,  transmission,  etc. 
are  net  Heard  until  tbe  aircraft  Is  relatively  close.  Metso  attenuating 
efforts  should  be  directed,  therefore,  towards  the  am  In  and  tall  retars. 

MOTE:  A  listing  of  papers  which  report  en  the  results  ef  the  program  Is 
shewn  In  the  Appendix. 

a.  ■AfttMt.MotRt  gAgafifm  or  AKY  mucartus 

Svmnrr:  The  principle  alma  ef  this  program  are  the  development  of  a  data 
baafc  of  helicopter  acoustic  signatures  and  a  draft  specification  that  lay 
he  used  as  a  standard  In  the  test  and  measurement  nf  helicopter  acoustic 
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il|utur«i.  Initially,  effort  will  be  directed  to;  ft)  researching  current 
technique*  rap  loved  In  the  measurement  end  analysis  of  acoustical  date  end 
(?t  defining  4  total  field  measurement  prof  tea  (Instrumentation,  flight 
patterns,  pertinent  parameters,  calibration,  etc.). 


neas  level.  A*  a  consequence,  »»ew  opt  laired  acoustic  detectability  dlstanctj 

cont'*’,,s  will  also  be  developed  for  each  class  of  aircraft. 

HOIt:  This  study  Is  being  conducted  by  Bocing/Vertol  under  Contract  DAAJ02- 
71 -C-006S.  (Citlalri  coapletlon  date  I*  June  1972) 


The  acoustic  signatures  were  measured  at  Caap  Pickett,  Virginia  for  five 
A  ray  helicopters,  the  OM*kA,  l'H*  (B,  AH-IC.  CH-47B  and  CH-54A.  during  hover 
arul  flyover  nodes  of  operation.  This  phase  Is  critical  Co  the  success 
of  any  reasufement  pToyta*  because  of  the  necessity  of  having  reliable 
equipment,  knowing  precise  position  of  aircraft  relative  to  recording 
kJU,  d.H-  jacnUns  alt  environment ,  inttroaent,  aircraft  descriptive  data, 
anJ  the  rc'sriln*  of  the  aircraft  noise  In  a  Manner  thee  will  assure  vali¬ 
dity  and  casv  retrieval  of  the  recorded  data. 

The  data  from  these  tests  were  quantitatively  evaluated  through  narrow 
band  analysis  to  define  frequency  distribution,  harwonlcs,  rsndoss  noise, 
acoustic  energy,  etc.,  and  identify  the  contributors  or  sources  of  the 
Cots l  aircraft  noise. 


finally,  the  Contractor  recommended  procedures,  equipment  specs,  calibra¬ 
tions.  flight  conditions,  signal  and  recording  particulars,  etc.,  essential 
to  the  development  of  standardized  noise  data  banks.  The  noise  data,  recorded 
on  Magnetic  Cepe*  will  be  retained  (ft  a  data  bank  at  (he  Custls  Directorate. 


Hopefully,  the  nuir  research  brief  presented  4b«»ve  gives  *«me  indue*  1 
tlon  of  the  new  lcp»ftence  given  to  this  area  o!  work.  1 

The  results  fr.<c,  the  acvustlcs  work  presented  ab.»v»*  »h.w  th.,  *Jg ill-  B 

f leant  gates  have  keen  made*  In  experimental  ly  re**»r»llng  and  analyzing  data,  j 
the  capabilities  and  limitation*  *<!  existing  Inst ruwntat Ion  are  belter 
understood,  and  In  Many  eases  whx.le  new  systems  and  Ir'bnifV'k  have  evolved 

In  (he  area  »f  theoretical  analysis,  m|it  improvements  have  been  Made 
in  defining  the  Mechanics  of  the  noise  source.  This  Ms  led  to  (he  develop- 
Ment  of  aero-acoust Ic  traaa  which  have  attacked  the  problem  at  the  nurtp 
and.  In  Many  cases,  have  dunum  rated  that  this  approach  can  produce  signi¬ 
ficant  reductions  In  the  noise  signature  of  a  helicopter.  As  a  result ,  the 
helicopter  noise  problem  Is  no  longer  a  secondary  consideration,  but-  Is 
being  treated  by  the  preliminary  designer  in  his  Initial  conceptual  layouts. 

In  effect,  the  subject  of  rotary  wing  acoustics- Is  becoming  Increasingly 
Important  and  Is  n>  loiter  slnply  an  art,  but  a  welt  defined  science 


5WT£s  Tbe  above  effort  was  conducted  under  Contract  DAAJ92-70-C-0025,  with 
Vyle  Labs,  ft  Is  now  reoplete  and  reported  In  2  Vola,  ISAAWM.  T* 

•  71-HA  and  7104*.  71-MI  Is  classified  because  noise  levels  for 

the  aircraft  are  specified. 

7.  HELICOPTER  ACRAL  DETECTKW 

Suamry;  This  Is  an  analytical  study  designed  Co; 

a.  Determine  the  survivability  of  current  tactical  helicopters  on  th? 
basis  of  their  noise  signatures. 

b,  Develop  nose  signature  criteria  for  optimum  helicopter  survive- 


Reports  on  the  ARPA  tfiiet  Hrllcopirr  Program 


saU.iAV.ifY  vftpKixr.  wm; 

l»  PJS5  -  Description  of  the  .Volsr  Measurement  friyrm  .o  a  Star-lard  and  a 
hdlfird  Kwhs  HH*4)I  Helicopter  with  Show  Initial  Result*.  June  b.  I9h9. 

2  *IM  »  Description  of- the  K«i*r  Measurement  Program  «.n  a  Standard  ard  Two 
Msilfled  Ikiithe*  ttH-AA  helicopter*  with  Stor  Initial  Result*.  Dec  J),  DM. 


Fundamental  Co  the  analysis  Is  that  only  aural  detection  of  the  helicopter 
will  be  considered  as  It  Is  "flown"  against  hcstlle  forces. 


1  Sbbl  »  Description  of  the  Noise  lleasurcoent  Program  on  a  Standard  and 
the  }V*)t  fled  phase  II  Hughes  OH-AA  Helicopter  Hay  2b.  1971 


The  program  Is  divided  Into  three  O)  phases:  Phase  I,  S twdy  Definition; 
Phase  II,  -Survivability  De tens  I nation;  and  Phase  III.  Analysis  and  Results. 
In  Pbase  I,  chose  parameters  that  describe  the  tactical  use  of  the  five 
closes  of  aircraft  (observation,  attack,  cargo,  utility  and  heavy  lift) 
will  be  defined,  rno  thlr  appropriate  scenario /program  Material  will  he 
ar raided  to  support  the  basic  analysis.  Consideration  of  enemy  threat  will 
be  llcfted  to  aural  and  visual  perception  of  the  approaching  helicopter 
by  the  vft<*y  ff.e.,  fADAR.  opt  lea I /acoustical  aids  arc  considered  In 
the  detection). 

Phase  II  wilt  be  derated  tn  the  development  of  aural  detectability  contour* 
as  dictated  by  the  helicopter  noise  spectra  and  environments,  Determination 
of  survivability  will  be  based  upon; 

a.  Single  ground  weapon  vs  single  aircraft 

b.  Aircraft  penetrating  forward  battle  line 


4.  *101  -  Description  of  the  Noise  Measurement  Program  on  a  Standard  an:  a 

ft-llllol  Sikorsky  SN-JA  Helicopter  with  Sum  Initial  Results  Sep  JO.  *9*9, 


I  NASA  Technical  Sr*irs*ltia  RX-722A  »  ftrovnd  Kdir  Jtesswreneiu*  (Siring 
npirff,  H*ver.  landing  aM  Takeoff  Opera  tVeis  «*f  a  Standard  and  a  Modified 
HI- 41*  He  Ilf- Tier  February  19*1 


2  Sikorsky  Final  lrp'«  prepare*!  under  Cottaa  MAW*W* 

C»0n;0,  title  HUSH  Final  Report  »  *>ilrt  He! fc -pier  rtotras  ($*M) 

3  Hughe*  Final  Report,  HTC»AD  7rt«2h,  Contract  WAIft*.A9.«*.n07A.  iltlr 
Progra*  t««  Reduce  the  Suite  Signature  «<|  (he  Aft.ftA  Helicopter 

4  Kws  Final  Report  W‘1M  April  2»,  19*9.  Contract  MAJOJ-M-MMU, 
title.  Smile  Mstlien  Program  Hd.iJR  Helicopter 


The  final  phasv  will  be  devoted  to  analyzing  the  helicopter  aural  detec¬ 
tion  pasterns  (tastwri)  to  determine  the  probability  of  kill  from  enemy 
(Ire,  Re  commend*  t  Inns  will  theft  be  made  »*  to  what  kill  probability  for 
each  aircraft  would  represent  an  optimized  survlvakllity/nlsslon  effective* 


JWE:  All  oi  the  above  reports  are  class! fled  OtiflWSfMr,, 
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Rtcorr  ASPECTS  OP  THE  AIM'S  UTERES  I  II  TUT 
«DUCT1<*  OP  HELICOPTER  I0ISE 

Richard  L.  Ullard 

Office*  Chief  of  Research  to 4  Development 
Department  of  the  Army 

The  p rob lot  of  the  nolie  signature  of  •  helicopter  it  an  Im¬ 
portant  aspect  in  the  consideration  of  the  survivability  of  the  heli¬ 
copter  on  the  battlefield,  tar  In*  the  l^O's,  the  U.  S.  Amy  m* 
involved  in  a  war  that  was  classified  as  low  Intensity  and  therefore  In 
the  area  of  survivability  the  main  emphasis  was  placed  on  providing  pro¬ 
tection  to  the  aircrews  from  1 (30  cal)  projectiles.  Ho  real  at¬ 
tempt  was  made  to  red  xt  the  noise  signature  of  the  helicopter  or  any 
of  the  other  signatures  (radar*  Infrared,  or  optical).  The  real  desire 
was  to  produce  helicopters  that  would  operate  effectively  against  the 
envoy.  Any  changes  to  the  design  of  the  helicopter  that  reduced  its 
ability  to  accomplish  its  sain  mission  were  not  accepted.  In  the  case 
of  noise,  r.o  changes  to  reduce  noise  were  allured  because  it  meant 
penalties  in  that  the  aircraft  gross  weight  was  i-;eree*ed  with  accompany lag 
reduction  In  payload  or  the  rotor  efficiency  was  decreased  or  experslve 
nodlfleatlon  to  an  existing  fleet  would  be  required.  The  Army  has  learned 
a  lot  about  fighting  with  helicopters  and  is  changing  its  attitudes  toward 
survlvsbillty.  The  Army  Is  now  designing  its  aircraft  (HLX.  ITTTAS)  to 
operate  In  id d- intensity.  The  aircraft  must  be  capable  of  withstanding 
hits' fru-  »?.7ar  (50  cal)  projectiles*  and  must  hare  reduced  signatures. 
Therefore*  .'phtais  at  the  present  time  is  to  reduce  noise*  Infrared,  and 
radar  signatures  of  Any  aircraft. 

The  A  nor  has  produced  e  short  film  on  the  noise  reduction  program 
conducted  by  ARPA  with  the  Army  an  the  0H-6A.  The  reseerch  effort  on 
the  vh-€A  employed  s  different  design  philosophy  than  previous  noise 
reduet. an  program  in  that  the  design  of  the  helicopter  was  for  minimus 
noise  leifl.  regardless  of  the  reduction  In  performance  except  that  it 
suit,  be  eble  to  fly. 

This  film  showed  seme  very  remarkable  results.  These  results  are 
going  to  be  used  in  a  program  for  a  scout  helicopter.  This  effort 
brought  out  one  very -Important  aspect  of  designing  helicopters  for  low 
noise  signature.  —  "It  is  posstble  to  give  the  pilot  the  option  of 
selecting  Ms  noise  signature."  For  example,  at  home  bast  the  pilot 
loads  the  helicopter  to  the  normal  gross  weight  and  takes  off.  Prior 
to  approaching  the  target  area,  the  pilot  reduce*  the  speed  to  that  re¬ 
quiring  the  minimum  horsepower  and  (reduces  the  rotor  RPK  to  about 
67  percent.  The  noise  signature  ts  greatly  reduced  a*  well  as  the  per¬ 
formance.  The  helicopter  can  continue  to  fly  straight  anl  level  but 
is  very  limited  In  maneuverability.  The  performance  has  been  reduced* 
but  not  the  payload.  When  the  pilot  arrives  in  the  target  area  and 
determines  that  he  must  have  the  per  farmar.ee  to  land  or  maneuver,  miter 
the  noise  signature  Is  no  longer  important*  the  pilot  can  Increase  the 
rotor  Rf*  to  100  percent.  The  modern  Amy  helicopter  will  be  ut!r4  a 


broader  definition  of  survivability  than  ham  previously  been  ussd,  and 
the  noise  signature  will  be  carefully  considered.  Z  em  sure  that  in 
such  aircraft  am  the  MU  aad  7TTAS,  only  minor  reductions  in  performance 
will  be  allowed  for  deelga  features  that  will  reduce  the  noise  signa¬ 
ture.  However*  In  special  purpose  helicopters  such  as  the  aerial 
scout,  other  major  changes  in  design  may  be  appropriate  and  justified 
that  result  In  significant  reductions  In  noise  signature. 
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VTCL  poise  MSKAftCK 
AT  W,K  LtfCLR  MSgAACH  CEJTIA 

* 

Robert  J.  Pegg  -Long l«y  Research  Center 
Mi 

Robert  P.  Hosier  -  Langley  Directorate 

U.  S.  Any  Air  Mobility 
Research  sad  Development 
Laboratory 

SUWtAAY  A*D  ABSTRACT 

A  brief  overview  of  the  SASA  long  ley  pro* ran*  In  VT5L  nelxe  redaction 
research  lx  presented.  Irclultd  arc  description*  of  specialized  facilities 
relating  t-  VKL  u+l:-,  and  program  designed  to  explore  basic  theoretical 
concept*  and  tc  develop  roUe  control  technology  for  quiet  vehicle  designs. 

IPTSCyjCTICII 

The  Joint  SADA-CCAAIWL  acoustics  research  program  at  Langley,  Is 
broadly  based  and  diverse  In  nature.  Included  are  several  speelfl* 
research  areas  relating  directly  to  YTOL  noise  control,  and  these  are 
outlined  In  figure  1.  The  purpose  of  this  paper  is  to  present  brief 
dlsconsior.s  of  the  activities  in  each  of  these  areas  and  in  the  order 
listed  in  the  figure. 

fpeciflr  ar^aS-Cf  VTOL  noise  research  Include  rotor  blade  nolle 
redact lcn;  tfce  development  of  techniques  for  measuring  flyover  noise 
radiation;  reciprocating  engine  exhaust  muffling  technoloflr;  h-*an 
factors  studies  which  deal  primarily  with  tfce  effect*  of  noise  or. 
v&cyK-'i  'si  iMs-prftrswew  and  special  facility  dwlc^vsti.  In 
this  -orA,  -s*  Is  cal*  cf  facilities  a cA  equipment  which  wild  be  de- 
icrlbed  briefly  along  vl*r.  iltccflMs  of  the  associated  research  pro* 
J-cU.  Reference,  or**  node  also  to  future  facility  aodlf  lent  lens  and 
dcY'^fw.*.;  new  »!cr  -^n;i deration. 

IttTCft  BLADE  »CE  REACT.  - 

The  *.  A i  vf  a  KT'f  ‘raft  U  <*cer?lcx  In  nature  since  It  U  jrodicvd 
By  lnli-.lt'>\l  which  »iy  generate  ncoutlc  energy  by 

wli«  o.chv.Uns.  The  prisnry  cnphnxU  in  Lcngley  VIOL  w-l<c  research 
i  vc.  %  sore  cveplete  oiertU'dlng  »  f  geseratl-co 

Ar.  'ois^b  f  Jn-ho-ae  r*uor'al  row’h  l-  *he  .  iuiy  o 
tte  *ff“Cts  of  firf'.o’Irg  tiale  prei?^;  >o  the  for  field  radiates 

u  :,r.  The  .ljitr.tw  vf  ficiwuir/  forces  on  r^tor  wl;e  b«<.  tw. 
eitabilih-el  ar/i  U  Ihll  rated  Ir,  flg-rc  In  this  figwe  pr-llcted 
sot*e  level.  >!c  iicaii’  rotor  loah  snow  n  rapid  drop  eff  with  la* 
cr*»  ls*5  fcanomle  ssier.  wnercos  experlaental  data  Intimate  a  7»fy  i!o< 
reduction.  Recent  theorle-  xuch  as  that  of  reference  1.  which  arc 

or.  floVoUh!  Male  i  a!s  c-iecept*,  predict  ncd<*  Iffflt  s«. 
closer  to  the  experln^ntal  data.  Thi*.  result  s-v^ezt*  that  a  pre notice, 
sethol  bai^i  oo  fluctuating  bLvsc  loads  nay  be  usefU.  pvtlcjlvly  for 
lb*  higher  harmonic*  water,  are  of  concern  fer  curoliy  nwtoywe. 

The  nv.-re  it  tie  fUlvMlrg  loads  theory  Is  Irrfl^fel  by  the 
forsiia  of  flgjrc  j.  The -acwMStlc  press^o  hfrsonle-.  Pti,  »r-  expressed 
V  a  fegtior,  of  tfce  thrust,  T^.  and  w?i«.  Qs,  Wale  loading  hurwiH. 
Ties  fto.tel  function  J.j (n!!^  slnd)  ok2  tfce  >'<,»♦  tern  define  the 
directivity  pattern  associate!  with  rotor  iwUe  wtereor  th*  tern 
represents.  In  ccsplc*  ferr,,  the  fvirlef  series  expansion  of  tfce  blade 


loading.  The  objective  ut  «*e  research  program  is  tfce  simul¬ 
taneous  KMureneA  of  the  fluctuating  loads  quantities  (Tg  wl 
$),)  and  th*-  rMlated  nvls«*  (ln),  to  validate  thcajuatluJ. 

Tl.e  rd^ve  wora  will  U-  ••arrled  Out  «i  the  Langley  vhlrl  tower  zt*M: 
in  figure  L.  Far  field  r.olse  data  will  Le  tine  correlated  with 
xlnultanev-i-  blade  pressure  se as ur merits  at  several  tjAnwIcc  and 
cfcordwlwc  lv-  oilonc.  An  v.t^npt  will  be  pr*ir  to  correlate  t« 
rotary  data  with  dlallar  lata  fren  a  two  dlmslo'-iil  vlig  in  a  wire! 
tunnel  U-tt  at  ’oejnrabH  Reynulds  nuabers.  Jpvial  lKtrwa.Ti.Vl«, 
of  tfce  t/i*  l'wiipd  tj  BM  (sec  reference  1*}  “111  be  used  to  ret.  r- 
Sitrfacc  pres«ixet  In  the  frequency  range  -jj*  to  1  fHz  a*rl  tv  tvlesa,*r  tlA-* 
data  fre*  w*  i. L-.te  to  rnxoi  based  recordern:.  !«  addition  u«  tr*  ■«-« 
prograss,  c«u Iteration  Is  being  given  to  research  that  will 
evaluate  the  vis-'o^s  dissipation  of  the  blade  '•vre  vertex  on-1  pw-ltU 
beneficial  rwiw1  *  rfrcu  by  neons  of  tip  .»lr  »vr  lr.>tl«i.  These 
studies  will  Le  cased  en  Initial  vert  perforael  Ly  RAJA,  and  f>vrg< 
Wasi.lrgtoa  University  (3^»  reference  j), 

TLYDYnt  BOISE  KASHKEttOTJ 

Several  helicopter  ril,y.t  test  jeO.-ncu  have  teen  Wadwtei  M  tfcw 
SAJA  Willcpt  .  tat loo  nvise  neasurenent  range  which  is  shown  in  figure 
5.  The  range  cvoaUts  cf  an  cperatlcnal  airxtrip,  Iceoted  in  relatively 
open  Ml  flat  terrain.  Because  there  Is  11*.* lc  air  traffic  and  tjart* 
population  in  Urf  area,  the  Mbit  dice  levels  are  gewrnlly  1». 

All  anstftaert  pTOcedurr*  used  at  ,lr.  range  to  tjeasure  extern*!  *lr*r*fl 
noise  cer.roca  a*  rlosciy  a*  possible  to  the  ttandards  set  forth  ifc 
reference  la  willtlcc  to  jroviticc.*  for  j  lzeoblc  tl=e  wMiM 
zicro'iboie  arrays  Involving  atltiplc  ecblle  aa  nv^rlirg  st*tl.n. 

(ace  Inset  ib-u,),  there  Is  z  pcecleloo  tracking  r»d»r  fer  obUlfcing 
aircraft  n-.l  Iron,  w4  coBpM'rfV'teorwlogical  fvidit^, 

A  an  »*anpic  of  th**  _:e  c.f  this  text  m'gv  a  flltfit  InvtitLMl«, 
irrfkirss^l  t.  <et,»A  Ir.foraat.or.  iev  the  Mite  Mlitlor.  fbwvb-fLll*; 
of  a  hell"  pt  r  in  forward  flight  and  the  wffwy  Kf  -hafgrr  Sr,  .Irrif" 
operating  jorotwr.  m  Ml»  ‘hv«>rL,.l«s.  A  typical  ln-rll/ht 
mI«  rallatt  o  pattern  is  h-vn  Ir.  flg2re  *  .  Ir.  crier  u  ffw*-'- 
s#*h  r*'.  «iu.  It  Ir  nece-rory  to  rJse  wriit'  a|i  slTCfU-r* 

-*hnsrei.  v»n,  1??  relly/fter  pt?Ulv.  lr.f«rv>Urts.  Tt-  f-Hx^r 
*sei  f«*  *he  -  tests  w»i  the  CR-- A  Ingle  rwtor,  *  ir-  Irr-  [<wtr*-l  »Ir- 
craf.  Th*  r>$4iu  cf  tftr  t>yt*,  A<«  that  th*  la-fli,'?*!  Ml.-* 
mJlntl-jft*  |atleituare  Jlrergly  dlrfUecjl,  tfce  udsnr«tfe 
rallatlcn  being  In  the  direction  ef  flight.  The  prlsnry  jaiwwr  that 
-affccte*!' In-flight  itolae  rt  r  speed,  only  .vU  *ener*clal  effe-ts 
>  n  r>il*t^d  o-Ifr  we*e  troclv.el  with  rc*lscc*i  forward  wl  re-Jvcd 

onin  rtwr  thr*^t  {;«  refcraKc  *.}. 

A  tell-opter  noire  ows-JKstni  pregran  by  Aft?A  «  «!*. 

.accospllsh^l  at  the  above  noi  -e  nraj-irracnl  rvy?.  Ar  n  p^rt  *  f  tfce 
above  provras  ti.e  wu  vthi-1**  *--f  figure  /  were  b-  tel.  The  'vdvd 
If  shewn  la  »h*  tep  pl^toan-1  the  coil  fled  y-r  .or.  Is 
shown  in  the  betteo  photo.  The  objective  wa*  Ir  -*wsjAre  a  .  f  ward 
hclle^pter  with  one  a^llfled  for  mU. 

It  wo*  >oMis!tt  froa  the  rc-'^i*-  of  try  te-*,  that  »•.*-  Rrioe  re'rU^ 
were 
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VTOL  WISE  MSCAJCM  AT  THE  LAMCUT  RCSCMCM  COITER 


WKIPIWCATIK  DCISE  EttAUBT  MUFPLXBG 

Piston  «mIm«  L^.t«  W*r.  rtflut4  la  the  majority  of  alllt«y 
helicopters  by  lost  noisy  gas  turbine  engines,  Nut  they  are  ttlll 
used  to  power  May  mil  civil  helicopters.  Operations  over  contested 
areas  by  <*ers  such  as  police  departments  may  require  engine  noise  re¬ 
daction. 

Langiey  Research  tenter  Las  had  a  sustained  protram  to  develop 
reciprocating  entlne  esha^t  muffler  technology.  Th*  development  of  n  mffltr 
to  a  point  where  It  can  provide  lart*  noise  reductions  and  still  have 
acceptable  weltht  and  performance,  has  la  the  past  required  a  lengthy 
"cut  and  try"  approach,  this  approach  has  been  supplemented  by  a  newly 
developed,  more  esact,  computerized  muffler  attenuation,  evaluation,  sod 
desist  procedure.  This  program  allows  for  such  constraints  as  volume  and 
size  to  be  placed  on  the  sufflcr  design.  The  program  then  performs  the 
required  numerical  Iterations  to  define  an  expansion  chamber  muffler 
whose  acoustic  performance  Is  maximized  within  the  initial  size  and 
volune  constraints. 

Using  the  above  technique,  two  muffler  comfifurmticAt  shown  in 
figure  S  Nare  leva  designed  and  evaluated  on  the  SA3A  H-13K  helicopter. 

Typical  narrow  band  noise  spectrjm  results  of  these  tests  are 
presented  in  figure.  *9,  for  the  hovering  flight  condition.  The  upper 
curve  Is  for  the  basic  engine,  and  the  lower  curve  Is  representative  of 
muffler  configuration  I  for  comparable  operating  conditions.  A  large  number 
of  noise  peak.*  observed  for  the  basic  ecglse  are  essentially  eliminated 
by  the  currier,  with  an  associated  substantial  reduction  In  the  overall 
noise  levels.  The  accuMle  results  for  configuration  II  w err.  the  same 
as  those  for  configuration  X  hut  the  weight  and  hack  pressure  were 
less.  5tk*  results  of  this  study  aloo  show  that  for  the 
H-12  helicopter,  the  rdritr*  can  be  design  within  acceptable  size  and 
back  pressure  llcits,  (less  tr.tc  J  la.  Hg). 

KUXtt  F«W RS 

The  Langley  Research  Center- has  active  contractor  stulies  in  the 
vea  tf  iims  response  to  VTOL  noise.  As  an  example  of  some  of  this 
wor*,  figure  1  j  lilustmtes  the  test  ccnflguraticn  for  a  Cl W  sky  Aircraft 
Ccepu?  stuly  to  dete raize  the  effects  of  combined  ooisc  and  vibration 
tiirdl  «  VTCL  pilot  |erfcnsance.  As  li  illustrated,  pilots  placed  in 
a  cockpit  simulator  are  exposed  to  pre-recorded  helicopter  noise  and 
vibrations.  While  being  thus  exposed,  the  pilots  fly- a  simulated 
commercial  air  route,  performing  IF.*,  navigation  tasks.  Fllot  per¬ 
formance  ratings  are  made  during  f  flight  and  post-fli^t  questlenaire* 
ore  also  adnlrtsterel.  This  progrms  Is  still  is  progress  ami  the  final 
results  are  not  yet  available. 

Another  example  of  Langley  supported  psychoacoustlrs  work  Is 
i U us t rated  la  figure  11.  Skews  Is  the  test  environment  fur  m  hoeing/ 

Vertol  stuly  to  determine  the  at  sc  lute  acceptability  of  VTOL  aircraft 
noise  during  stm dated  terminal  area  cperatlcm*.  5-JiJects  are  placed 
lr  the -test  trailer,  which  simulates  a  were  amd  leisure  emvtroament,  and 
oiled  to -pursue  a  f^ater  of  activities  such  as  Job  related  virk, 
playing  cords,  or  witching  television.  While  the  sJsJctts  are  performing 
these  activities,  recorded  VTOL  terminal  area  noise  records  are  played 
to  them  through  the  speaker  systems  for  evaluation  p-irposes.  The 
results  of  this  worn  are  awaiting  p**Ui*tloa  ms  is  3A2A  Contractor 
Report* 


Tk.  I«|U r  t»  lm»ii»  *0lM  rMtUtr  (I *»),  Mon  In  tit* r*  12, 
provides  am  in-houne  capability  To  study  luanm  sad  structural  response  to 
VTOL  noise  la  the  frequency  range  below  $0  It.  Roam-site  structures 
cam  be  placed  la  the  aolee  field  gsasratsd  by  the  facility  in  order 
to  evaluate  the  effects  of  low  frequency  note*  exposure  of  people 
both  inside  amd  outside  of  structure*. 

mcxALBcxunv  vrmamam 

TWO  of  the  Uiigley  subsonic  vied  tunnel*  which  are  ideally  suited 
for  VIOL  asrodyaasics  research  are  being  acoustically  calibrated. 

Ibaurwiiti  are  being  ands  to  determine  the  sound  absorption  treatment 
needed  to  increase  the  utility  of  the  tunnels  for  evaluating  the  effects 
of  forward  velocity  ea  rotor  noise  characteristics.  An  example  of  the 
result#  of  this  calibration  work  >i  i  impllshsd  to  date  are  shown  In 
figures  1)  and  it.  Typical  experimental  data  obtained  in  the  evaluation 
of  the  Puli  Scale  t\anvl  are  shown  la  figure  13  where  the  noise  levels 
from  n  calibrated  arouetle  source  are  abown  as  a  function  of  distance  In  the 
tunnel  test  section.  At  the  large  distances,  the  measured  noise  levels 
approach  those  in  the  reverberant  field.  Por  the  example  shows,  the  mrasired 
values  exceed  those  of  the  Inverse  distance  He  by  3  d>  at  a  distance 
cf  about  17  feet.  This  Is  defined  AS  the  hall  radius  which  lr  the 
limiting  distance  at  which  useable  acoustic  data  can  be  obtained*  A 
plan  view  sketch  of  the  test  area  *f  this  wind  tunnel  Is  shown  in 
flg-sre  1**  and  the  current  useable  acoustics  test  area  is  shown 
cross  hatched.  Consideration  is  being  given  to  the  Inclusion  Of  acoustic 
vail  treatment  so  that  the  acoustics  test  area  can  be  considerably  in¬ 
creased  as  indicated  by  the  dashed  limes. 

Of  special  Interest  is  the  Aircraft  Poise  Reduction  Laboratory  now 
under  construction  at  Langley  and  which  Is  shown  as  an  artists  conception 
In  figure  15*  This  laboratory  will  specifically! support  VTOL  noise 
reduction  research  by  providing  for  rotor  noise  studies  at  forward 
velocities  up  to  150  ft/sec.  Of  particular  significance  Is  the 
capability  for  testing  rotor  models  up  to  3  feet- In  dlraeter  In  an 
an echoic  environment  amd  where  the  tummel  solve  and  turbulence  levels 
are  a  minimum.  In  addition,  the  laboratory  will  provide  Improved 
capability  to  quantitatively  determine  the  effects  of  noise  on 
people  and  for  engine  and  exhawst  noise  control  studies.' 

COBCUftlK  RMAJt'il 

The  UU/UUMM.  research  pngri  exploring  VTOL  noise  from 
the  source  (rotors  amd  eagtaae)  to  the  receiver  (Dim  and  structural 
response)  bare  been  outlined.  The  various  research  facilities 
at  i*ieh  the  above  work  le  being  conducted  were  also  described. 

Proposed  future  programs  were  shows,  to  provide  Increased  emphasis  en 
helicopter  noise  reduction  and  prediction  techniques,  and  to  include 
considerations  of  improved  facility  capabilities. 
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•  ROTOR  BLADE  NOISE  REDUCTION 

•  FLYOVER  NOISE  MEASUREMENTS 

•  RECIPROCATING  ENGINE  EXHAUST  MUFFLING 

•  HUMAN  FACTORS 


•  SPECIAL  FACILITY  DEVttOPMENTS 
Figure  I.  •  Langley  VTOL  acoustics  research. 


OVERALL 

NOISE 

LEVEL 


Figure  2.  -  Helicopter  rotor  rotational  noise. 
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Figure  3.  -  Fluctuating  loads  theory. 


Figure  6.  -  Overall  noise  level  radiation  pattern. 
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Abstract 

It  Is  well  hnowu  that  prapellor  ftrfstno  cm  he  in pro«od  hy  proper 
•Mitt*  of  *  Shrewd.  Frevlows  Investigators  ^  attendant  *tk 

cw  *!««««•  the  shrewd  sIpaldMKtr  reduces  the  »y»<m  nII«» 

provided  (nice  flu*  »•«  ««• 

eternal  aerodynamic  dlffeolem  (tM)  ef  On  ex hews t  flew  provides  m 
r/Jtnsien  •(  the  s trended  propeller  concept.  1M»  c-xf*.  *4ltfc  i*  ueefwl 
f#r  V/jTOt  ilrtrifc  during  fcw  MpUlcMtly  lspr«*«*  tks 

thrwst/pewer  ntls  conpirud  te  the  conventional  shrewdtd  propeller  with  * 
diffusion.  Attendant  with  the  ycrfxMtc*  Iscrwit  Is  a  rWscilis  l»  sjrstcsi 
mIs«.  The  noise  reduction  Is  «  result  ef  •  daersase  In  the  f»  Mate  neredyanlc 
loading  end  final  nhMic  velocity.  KAO.  tWrsfsrs,  provides  a  method  af 
decreasing  tin  systs*  nalsa  while  improving  systa*  performance.  Carrant 
techniques  af  reducing  the  nalsa  af  t/JTOt  propulsive  unit*  tanA  Ca  degenerate 
>y»t»a  performance. 

Inurtititft 

r*r  Y/fTOt  alr:r«ft  incorporating  shrouded  prepeller*  ar  Im*I»hIh 
units,  the  system  no Isa  anA  thrust  to  power  ratla  can  ha  significantly 
improved  hy  using  external  aerodynamic  At ffuslan  War In*  haver  operation. 

External  aerodynamic  Alffuslon  (KAO)  Is  a  pro.sis  that  yrsW«(«i  aaroAynaaic 
aspanslan  af  the  fan  exhsvst  flow.  KAO  can  ha  accomplished  hy  providing  a 
short  aspanslan  area  In  the  aslt  settle*  af  a  shreuA  anA  hy  presenting  flaw 
separation  an  the  Aif fuser  wall  far  high  divergence  angles,  figure  1,  The 
affect  af  KAO  Is  to  Increase  the  effective  exhaust  to  fan  AIsc  area  ratla  which, 

In  turn, reduces  the  final  eslt  flaw  velocity,  fan  hath  pressure,  anA  fan 
Hade  aereAynanlc  laaAIng  far  a  w(-en  thrust  condition. 

The  nalse  praAwceA  hy  the  prepulstan  unit  Is  related  to  the  nagnitude  af 
steady  and  fluctuating  Made  loading  exponents  and  to  the  exhaust  velocity. 

Reduced  hlade  leading,  as  given  hy  KAO,  would  therefore  tend  to  reduce  the  in¬ 
tensity  af  sound  produced,  Furthermore,  since  jet  «w<»i  depends  an  theftth 
power  of  the  exhaust  velocity  ani  the  2nd  paver  af  the  exhaust  dlaaeter  (t), 
lowering  the  ex house  velocity  would  materially  reduce  Jet  noise  (2). 

tarty  studies  uf  shrouded  tw»-hlede  propellers  hy  Iftiblerd  (1)  Indicated 
thet  the  presence  ef  the  shroud, which  Aecreetae  hlade  loading,  reduced  the 
sound  pressure  level  ff  *  dt  et  the  fundamental  frequency  and  hy  as  much  as 
20  dt  far  the  higher  harmonica  for  smooth  flaw  conditions,  flaw  separation 
at  the  Inlet  ef  the  shroud  caused  the  noise  level  t«  Increase  to  the  enshrouded 
values  end  greeter  with  mare  ecewstlc  energy  cencentroted  at  the  higher  frequencies. 
It  was  else  acted  that  flew  separation  could  he  precipitated  hy  very  slight 
crees-wfnd*.  Inlet  flaw  separation  Is  an  attendant  prahtem  with  shrouded  propeller 


ayatm.  bpwla  af  tW  nkawt  (In  .111  tnl  t,  mrmtl  tkla  altratlan 
■  Ik.  tin  mi  (Ini  tKra.li  tW  i)iln  la  tacnaaW.  TWcafara.  cra.l4n.kl. 
.ttrattra  mat  W  flaan  t.  tk.  I.l.t  ..11  tratrar.  lain  knn4.tr  cratr.l 
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ta^ual  t,  1ml  fllfkt,  tk.  Inrraa.  I.  tk.  throat  t.  |M'  »tl«  tkat  ca. 

k.  m.14.4  kr  E4B  la  anat  attractlva.  M  meat aircraft  .Ilk  lift  fan 
raiiH  «Uh  EM)  um!4  km  i*crraaa4  cam  a*4  yyimi  ...ability  *«4  mi>14 
4acraaaa  tk.  probability  >f  kraa  m^nn  mpni  aim  laaa  rata,  mil 
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NOISC  ANALYSIS  Of  THE  EXTERNAL  AERODYNAMIC  DIFFUSER  AAflttO  TO  SHROUOEO  RROKLLERS 
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In  the  fr«t(t41«|  example.  U  It  shewn  that  a  shrouded  fttftlltr  with 
Wldlffu.lon  will  cause  a  dtcfMM  In  Hade  loading  ef  472  in  cenparisan 
to  an  unskrouded  propeller  for  th«  same  total  thrust.  It  appears  that  a 
sl|nlficaat  reduction  in  noise  would  thorafora  ha  expected.  At  demonstrated 
by  Hubbard  (3),  thraAloi  the  fraa  propeller  (doubling  exhaust  area)  reduced 
tha  fundamental  frequency  noisa  of  tha  system  by  A  At.  This  reduce  tern  It 


proportionate  change  in  torque,  w»«  reduced  by  a  factor  of  2.0.  The  pressure 
would  ha  reduced  by  tha  tana  order  of  nagnltwde.  Tha  asternal  aerodynamic 
diffuser  provides  an  as ten si on  of  the  use  of  propeller  thrust  relief  at  a  naans 
of  pure  tana  noise  reduction. 

A  stellar  reaper! son  of  a  standard  shrouded  propeller  with  no  diffusion 
to  a  shroud  with ^  *1.5  can  he  mdt.  The  latter  has  34X  less  loading  on 
tha  blades.  This  represents  approniaacety  a  2.5  dt  fundamental  frequency 
noise  reduction.  Only  the  noisa  reduction  due  to  the  steady  lift  has  been 
considered.  Tha  unste.tdy  pure  tone  noise  it  also  reduced  by  tha  decreased 
blade  loading  via  a  decrease  in  the  potential  field  interaction.  This  can 
be  illustrated  as  follows.  Since  the  thrust  increase  at  constant  pressure 
ratio  is  proportional  to  area,  the  systau  withe  >1.50  has  50 X  uorc  thrust 
than  the  systau  with  *  >  1.0.  Thus  to  return  to  coupereble  thrust  levels,  the 
pressure  ratio  of  the  diffuser  systau  uust  he  significantly  reduced,  l.e., 
the  propeller  mst  be  throttled  beck.  If  the  propeller  was  originally 
operating  at  •  l.M,  this  ueans  the  pressure  ratio  uust  be  reduced  to 

y*"p  •  l.2$S-to  Make  a  neise  comparison  at  constant  thrust.  The  effect 
of  pressure  ratio  on  net»e  fer  a  typical  syetcu  (7),  considered  here  to  he 
the  Central  Electric  lift  fen  tF(75,  le  shoe  In  Figure  2.  The  applicable 
reduction  in  pressure  ratio  indicate#  e  5.5  dt  reduction  In  the  fundeuental 
frequency  noise.  The  difference  in  this  value  and  the  steady  lift  noise  Is 
attributed  to  unsteady  loading  noise  reduction  and  reduced  eabaust  velocity. 

It  ii  expected  that  the  noise  reduction  ache I vrd  for  a  given  <■  will 
depend  significantly  on  rhe  characteristics  of  the  particular  propulsive  unit. 
The  mmber*  presented  here  are  fer  the  pwpese  of  shewing  the  order  of  fMgnitude 
to  be  expected,  frou  a  free  propeller  to  a  shrouded  propeller  with  a  ■  1.5, 
the  order  of  magnitude  of  fundeuental  frequency  noise  reduction  Is  10  dl  for 
constant  thrust. 


Pi f fuser  Irstau  Fntfemance 

fre  of  an  external  aerodyne*! c  diffuser  significantly  Increases 
the  eystee  thrust  to  power  ratio.  Considering  the  case  of- the  constant 
thrust  far  Ideal,  uniform  total  pressure  flow,  it  can  be  ahewi  that  the 


perfoi 


.  Vo  # 


VUfc  ilXlMlfi  . 

le  dlffuaioe 


at  canatant  threat.  Unis,  for  ®  •  1.50,  the  perforuenca  inproym eat,  factor 
la  1.225,  ao  that  the  porferuauce  luprovauont  is  22.51  at  canatant  threat. 

Time,  mc  onty  has  the  syatau  neise  been  reduced,  but  the  hover 
performs  ace  has  been  significantly  I  my  rosed. 

The  overall  performance  nf  the  EAD  will  bn  dependent  on  the  efficiency 
of  the  neeee  incorporated  for  dlf fneer  boundary  layer  central.  Several 
nethede  nay  he  applied,  e.g. ,  Mewing  from  elate,  trapped  vertex ,  suet  1m, 
etc.  Alse  the  weight  ef  the  shroud  nnt  he  considered.  Too  large  of  e 
shroud  would  tend  te  negate  the  perfermsera  gates. 

Dee  ef  EAD  fer  performance  lnpreveneet  Is  not  without  problaaw. 

Export eon tat  ion  to  date  has  Indicated  that  the  high  divergence  eagle  diffeaer 
systau  tends  to  he  unstable  when  subjected  to  disturbances  (aide  winds,  etc.). 
Thrust  variations  of  101  or  aura  can  he  expected.  Also,  the  flew  will  tend 
to  separate  at  the  Inlet  unless  peeper  design  Is  followed.  Current 
experiasntatlen  indicates  that  the  Inherent  Instability  of  the  syeten  is 
the  najec  obstacle  that  nnt  he  svuresme  before  syeten  Integrity  can  he 
oc helved. 


Current  experimental  invest 1 get lean  substantiate  theoretical  clains 
that  the  system  thrust  to  power  ratio  con  he  significantly  I  opr  owed.  A 
comparable  decrease  te  system  nolee  is  also  predicted,  hut  It  remains  to 
he  shotm  experimentally. 

EAD  ir  net  a  panacea.  The  problems  with  the  inherent  Instability 
remains  a  major  obstacle  in  Its  application.  Attendant  with  tho  instability 
would  be  aggravation  of  tho  noise  problem. 

It  is  believed  the  potential  merits  of  KAO  warrant  further  experimental 
end  theoretical  Investigations  te  el Ini  ante .the  instability  problem  and 
te  delineate  the  absolute  level  of  noise  reduction. 
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WISE  AWU.1SIS  Of  THE  EITEMUL  AEWOYMHIC  DIFFUSE*  AW.IE0  TO  SHtOUOEO  KOKUEIS 


Fin  From*  Ratio 

Figure  2.  Power  Level*  at  the  Fundamental  of  Hade  Passing  Fr«tMKy 
v*.  Friuurt  Ritl* 
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THEORETICAL  AM  OmiMIXTAL  STOltl  Of 
MtLICOpm  M1SK  DOC  TO  BUDf-VOtTH  IHTI1ACTI0K 
Sheila  tfidaall.  Slag  Chu  mU  Albert  La# 

DtftrtaMt  •(  /irMMttu  and  AatrMMtici 
HMMtlHMtM  iMtlCMt  of  Technology 

ABCTUCT 

Tba  af  IfuUly  — mi,  cNWaty  called  blade  slap,  Am*  C* 

blade-vortex  UuractlM  far  helicopter  rotor#  I*  41kimn4>  Tw*  cam*  arc 
considered:  first.  ktWcwtn  interact  lows  far  «Alch  th*  angle  between  the 
blade  and  vertex  i*  less  than  a  critical  m1«  aucli  that  the  one  1  re  l««tk  af 
th«  blade  participate*  u  efficient  —mi  generation—  likely  ta  ac c«r  far  tandon 
rater*  only;  mcm4,  blade- vert ex  later act Ian  la  which  tha  unsteady  lataractlaa 
if  CK*  aartex  with  the  tig  af  th*  blade  1*  tk*  prlnary  cans*  af  miss  ■Inpottaat 
for  the  slagle  rater  helicopter.  Far  the  first  typ#  af  bled*  vertex  Interact lea, 
the  unsteady  lift  on  the  blades  Is  calculated  using  an  existing  linear  unsteady 
aerodynanic  theary  far  obllqu*  blado-vortox  1  fit  erect  Ians.  Far  th*  tl|*  dominated 
blade- vertex  Interact lea,  unsteady  slender -body  tkaary  Is  used  ta  calculate  the 
unsteady  farce  a*  the  bUd*  as  It  eac sector*  the  vertex.  A  thee ret leal  model 
for  radiated  sound  due  ta  t\e  transient  lift  fluctuations  Is  presented.  Prediction* 
of  the  directivity,  frequency  spec t run  and  transient  acoustic  signal  are  presented. 
Calculations  of  tk*  transient  signal  are  presented  In  compare Ion  with  recent 
experiaontsl  results.  The  agreeneat  Is  goad,  particularly  far  the  snail  angle 
blade-vortex  Interactions. 


Introduction 

Th*  generation  af  lift  by  a  helicopter  rotor  In  forward  flight  la  accenpanled 
by  the  creation  of  an  aeradynanlc  flaw  field  of  great  complexity  U  bath  space 
and  tine.  The  characteristic  noise  signature  is  latgely  determined  by  the 
fluctuating  lead*  an  the  blade*  due  t#  operation  in  this  nenunlfern  flew  field, 
tr.  many  <**rs.  the  operation  of  the  helicopter  rotor  produces  an  impulsive  sound. 

One  source  of  this  is  due  ta  t ran saute  flaw  effects  at  the  tip  on  the  advancing 
blafestd*.  A  recent  paper  by  Lyon  (1)  kaa  densest rated  that  when  an  nlrfel!  changes 
Its  forward  spaed  relative  t#  the  fluid  in  an  unsteady  manner,  as  dots  a  rotating 
blade  In  forward  flight,  sound  in  generated  even  though  the  flew  speed  Is  less 
than  sonic  everyidier*.  Another  source  of  blade  slap  Is  the  unsteady  lift  fluctuation 
on  a  blade  due  to  interaction  with  the  verton  Iren  another  bled*. 

Even  when  the  helicopter  operates  in  a  condition  which  subjectively  Is  described 
as  non-banging,  it  Is  likely  that  hlade-vurtex  interaction  provides  much  of 
the  higher  harmonic  content  in  the  rotational  Mine  spectrum.  As  has  bean 
noted  by  many  author*,  the  boundary  between  blade-slap  Mlse  and. rotational  noise 
is  net  sharp.  Below  speoda  ter  dtlch  compressible  blade  slap  can  occur,  bath 
arc  due  to  fluctuating  forces  acting  an  the  blade  dilth  although very  complex  are 
MM4HrJfii  dec*  rain  title.  The  distinction  botwoon  blade  slop  and  rotational  nolo* 
Is  made  for  convenience,  usually  on  bools  of  subjective  reopens*. 

In  this  paper,  u*  discuss  tv*  patent lal-f low  m-leln  for  the  flacuAtng  lift  due 
t*  blade-vertex  Interaction  and  the  resulting  lapulslve  noise  atgnatvrc.  Son* 
recent  eaperlnental  results  arc  also  presented. 

If  we  consider  'he  refer  flow  fields  sketch  In  Fig.  1  we  see  time  the  passible 
blade- v«rtex  interaction*  are  quit#  different  far  the  nlagte  rotor  an  compared  with 
the  tendon  rotor.  Ax  Is  veil  knew*,  fey  the  tendon  rotor,  blade-vertex  Interaction* 
con  toko  place  In  vklcli  Che  angle  between  the  bled*  end  vert**  Is  snail  (say  less  than 
end  for  which  a  good  portion  of  the  blade  will  experience  *  flucuetlng  lift  force. 


This  of  course  gtvr.o  rise  t#  t  sedan- rotor  blade  slap  which  an  tka  newer  helicopters 
wo*  substantially  induced  by  raising  tka  aft  rater  veil  above  tk*  forward  rater. 

Far  the  single  rotor  helicopter  it  la  likely  that  the  klade  tip  an  th*  advancing 
aide  is  th*  neat  likely  area  af  blade-vertex  interact  la*  although  a  passible  inter¬ 
action  could  ercur  between  blade  3  and  the  vortex  from  blade  4.  (See  Fig.  1). 

Since  the  rater  woke  is  net  well  modeled  by  assuming  me  distortion  of  th*  vortex 
filaments  (the  rlgld-wnke  aeowaptlon)  a  great  deal  mare  must  be  learned  from 
flew  visualisation  to  accurately  locate  the  vortices  relative  ta  tha  bladas.  Two 
potential -flaw  models  idild*  am  appropriate  far  tendon  ret or  blade  interaction  sad 
single-rotor  tip  interaction  will  now  be  dtocuooed. 

If  we  consider  the  random- rotor  flow  Hold  Interaction  sketched  in  Fig.  1 
and  t*  see  that  the  essence  of  the  blade -vortex  interaction  problem  Is  that  af 
a  laag  blade  pass log  obliquely  aver  a  vertex.  Except  near  the  blade  tip.  the 
aerodynamic*  af  this  i  at  or  set  Ian  can  b*  modeled  no  a  two-dimensional  airfoil  in 
an  abli<tw*  gnat.  Two  meant  aerodynamic  theories  have. bean  developed  ta  predict 
tha  unsteady  lift  fluctuations  an  a  blade  due  t#  an  oblique  sinusoidal  gust.  Flletas  (2) 
ha*  considered  the  oblique  gust  interact lau  far  lncanpmaslbl*  flaw.  Johnson  O) 
has  considered  the  oblique  gust  interaction  far  subsonic  compressible  flew.  s*#he;en 
has  also  applied  tbls  theory  to  the  calculation  of  helicopter  airloads  for  blade- 
vortex  interactions. 

In  a  recent  paper.  Uldnall  (4)  presented  a  model  for  sound  radiation  dun  to 
this  type  of  blade-vertex  interaction.  The  results  >(  this  analysis  will  be  discussed 
and  compared  with  experiments. 

Mile  the  analytic  model  of  blade-vortex  interaction  present  In  (4)  Is  very 
suitable  for  the  tandem-rotor  Interactions,  it  would  not  cortoctly  predict  the 
radiated  noise  due  t*  blade-vertex  Interact!-*  near  the  tip  •*»  the  advancing  blade 
aide  of  a  single-rotor  helicopter.  This  (*  weeause  the  unsteady  aeradynanlc*  asouM* 
an  Infinite  two-dimensional  blade  with  no  tip.  This  aeradynanlc  moJel  is  n*t 
able  to  account  far  the  unsteadiness  as  Che  tip  of  th*  blade  rotates  and  moves 
over  the  vertex. 

A  preliminary  treatment  of  this  aspect  of  blade-vertex  Interaction,  based  an 
sleader-hody  theory,  will  be  discussed. 


SINGLE 


•IMPORTANT  KAO€*VORTEX  INTERACTION 


FIG.  I  SKETCH  OF  TIP  VORTEX  CONFIGURATION  FOR 
SINGLE  ANO  TANOCM  HELICOPTER  ROTORS. 
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THEORETICAL  AW  EXKRlKJfTAL  STUOIES  Of  HELICOPTER  WISE  DUE  TO  ILAOE-VOftTCX  INTERACT  (OR 


MWU1VI  NOttt  Btft  TO  RLAMMMRTPt  IHTBUCTIOH  —  MOPtL  I 

Tta  —at  itr«l|bt  (•mr4  *f  th*  lapdilvt  wIh  4—  t*  klate^rtttM 

UurMtlM  la  t*  a—  th*  M4tl  ikwcM  U  Flfara  2,  U  Uti  —4*1  th*  «ki«mt 
U  Uw*t*4  U  tlM  11*14  *t  *  4UUnc*rfr—  thi  lacati—  •(  a  mtn,  which  1a  takaa 
uk«A(  r— t  U  th*  Atlll  11*14.  TIm  hl*4*  mvm  la  th*  p—  ltl—  y  41r*ctl—  At 
a  ap— 4  U  A  41*tAACA  A  ahava  th#  vat CAS,  which  it  #hli**a  U  th*  l«n41ng  *4f*  Ay  — 
AagU  A.  TIm  vtrui  height  h  1a  takaa  aa  c —At  net  al— g  th*  ap— »  Th#  amM 
g***fnt*4  ky  r*p*At*4  ACCAf AACAA  •(  tklA  tTAMllM ,  «A  #CCWr  k«llc*pt«r  #p*r*tl— , 
1a  Wilt  wf  iA  a  a  lap  la  way  fr—  tW  (mtIk  tCA— farm  af  th*  era— 1— t  a1$— 1.  TklA 
•laplifi*4  —4*1  CAAtAl—  tkA  AAAAAtUl  f AAtWf AA  #f  tk*  klAlcmttt  lMATACtlA— 
which  nccwr  far  taWt  latatA  Wt  4a—  me  lnclv4*  tka  cMflMltita  af  hl*4*  ratatiaa, 
tk*  M—Uara  Ira*  atra—  At  aack  kl*4a  ala—  4 aa  t*  rated**,  tka  carvatar#  *1 
tk*  vartas  fllaatt  —4  cM—aa  la  41*taac*  kataa—  tk*  kla4a  **4  vaccaa  alaag  tk* 
laagth  al  tk*  kl*4«.  la  th*  caUalatla*  af  tk*  a— taaly  lilt  aa  tka  kl*4a  a  tw#- 
41— aalaaal  tk—ry  1*  *a*4,  tk**  If— rlaf  tkc— -41— la— I  af  facta  at  tka  tip.  Tk* 
Halt*  laafctk  al  tka  kl*4a  la  c— *14#r#4  aaly  la  tk*  acaa*tlc  calcaUtlaa. 

A.  Tka  U**t**4y  A«r*4yaaalca  Of  lla4#>V*rt*x  Interned#* 

Tk*  W**t*a4y  lift  M  tk*  kl*4«  4—  t*  kl*4 i-rntw  letarnctl—  la  calcal*ta4 
—lag  11— at  «— t*A4y  —r*4ya— lc*  la  a  a—  r  a— lag*—  t*  tka  tk—ry  af  Saar*  (3) 
4*v*l*t*4  far  parallel  lacaractla—  •  Tk*  — at*a4y  lift  —  tka  kl*4a  I*  prl— rlly 
4—  ta  tka  Interact l*a  Wt—  tka  vertical  valaclty  fl*14  af  tk*  41*t*rkaac «  aa4 
tk*  —114  Alrfall  —  rteca,  Lin— r  tk—ry  treat •  tklA  v— tlcal  — 1— Uy  lapat  — 

—  lap*— 4  *a»t«*4y  ap— *k  11*14  wkick  craata*  tka  a— t**4y  lift  4l»trlkatl—  — 
tk*  alrfall  —  rfaca  aecaaaary  t#  —clafy  tka  ca*4ltl—  af  —  flaw  tkraagk  tka 
alrfall.  Flgar*  3  akaw*  tW  f—a try  af  tk*  Interact  1—.  A*  I*  ataa4ar4  la 

t 


FIG.  2  MOOCL  FOG  GLADE/ VORTEX  INTERACTION 
AND  DEFINITION  OF  COORDINATE  SYSTEM. 


FIG.  3  GEOMETRY  OF  BLADE/VORTEX 
INTERACTIONS. 
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1*  tka  Faariar  tra— fans  af  «(*).  far  a  raal  mtw,  with  a  vise—*  car*,  a 
rasa— akla  fit  t*  tka  valaclty  41atrlWtt—  la  aktalaa4  If  h  la  rapl*c*4  ky 
w^iar*  ha  la  tka  r*41aa  af  tka  vartas  aara,  ta  tka  pataf  af  —t—  taagcndal  vclactty. 

A  Gina— 41*1  $a* t  with  tkl*  —  1— tstl—  will  c— —  —  w*tt**4y  lift  —  a  kl*4* 
•aettaa  af  fr**u*n<y 
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THEORETICAL  AHO  EXPERIMENTAL  STUDIES  OF  HELICOPTER  NOISE  DUE  TO  ILADE-VOATEX  INTERACTION 


Tbit  eta  be  interpreted  u  «  sinusoidal  r«tcin  tf  life  vLich  it  convectel  alo«g 
Cht  Made  '<ith  convection  spend 


L\  -  U/ttwf . 


(5) 


for  th*  simplest  ecourtic  model,  •  criterion  for  very  #f  fie  lone  radiation 

would  bo  Uj  >«,  th«  spied  of  sound.  Tbit  would  correspond  to  radiation  '.rum  a 
disturbance  moving  at  a  .supersonic  apued  with  respect  to  tha  rluid. 

Tha  unsteady  lift  for  such  <ut  oblique  alnuteifal  gust  interaction  is  available 
* roe  the  incompressible  flow  theory  of  flletas  (2)  or  tha  mare  general  ;mb semi c 
theory  of  Johnson  O)  in  the  lam 

Mx.S.A)  -  UrcU^JC^fo*  t4f  X9A?mkt%  -  St)J, 


O) 


»  o  sin.’, 


To  obtain  the  spect'r.xi  of  the  Ilf;  to  blsde-vortex  interact  ic.n,  LU ,S,A)  from 
£•).  6  is  multiplied  by  the  Courier  traaefoca  of  thi  vortex  velocity.  Eq.  2.  expressed 
as  a  function  of  S.  A  factor  1/cosA  epees rs  in  the  transformation  da  to  JS.  Expressing 
the  unsteady  lift  as  a  functien  of  frequency  aed  A  only,  we  obtain 


Ux.S.-l)  -  (2l3llJ.(>)CUD(S/c<I.l.i,..H).1<k«’1  *  St) 

,,jr.  s 

^  CO*.*. 

filotae  has  developed  a  sleple  analytic  expression  for  (C^  *k 
a  complex  quantity  with  both  aagnltuda  and  phaae  dependant  upon  frequency) 


(7) 


CUD<Sfcost,A;  M  •  0) 


(l  ♦  ♦  *  S  tail) 


(da) 


where  tha  aerodynamic  phete  shift  bat ween  tha  gust  laput  sod  the  unsteady  lift  la 
f  j(S,  A;  II  •  0) 

t  i-i-  ;.l  (:♦■=■  ainA) 

-I  (8b) 


*  ti  -  ••.)  (1*7  Oln-M 

-si  i - 2 - - - 

cos.1  ♦  2*5(1  ♦  y  sinA  ) 


This  expreeslon  was  used  in  tha  numerical  predictions  of  tha  acoustic  transient 
signal  due  to  blide-vortex  interaction.  A  mare  complete  arrow  c  of  these  aerodynamic 
theories  can  be  found  in  (2)  u  ())• 

8.  Acoustic  Radiation  from  Hade-Vortex  Interaction 

In  developing  tha  expreeslom  for  sound  gamarated  by  blede-vertex  interaction, 
wr  consider  the  blade  tranalatlag  normal  ta  Its  leading  edge  te  pase  over  the  vortex 
which  la  at  reat  In  the  atilt  fluid, 'as  sketched  In  fig.  2.  for  e  helicopter  in 
forward  High'.,  thera  la  a  flow  slang  tha  bltdo  which  could  be  represented  ty  etweplng 
bav  .n«  blade.  This  additional  complication  has  not  been  Included,  since  the 
convective  Hath  number  tif  flow  along  the  blade  never  exceeda  the  forward  flight 
speed  of  the  helicopter.  In  addition,  on  the  advancing  blade  aide  where  the 
Mach  number  fa  tha  highest,  the  most  critical  condition  for  nelae  generation,  the 
flow  ctmpwient  slang  the  blade  la  Identically  aero. 

I?  (4),  a  detailed  analyola  of  the  acevotic  field  due  In  a  slaglo  frcqeoacy 
co*>Hie*4t  of  unsteady  lift  wee  preetmtmd  seeding  that  the  blade  chorrf  la  amaller 


than  a  wavelength  aa  that  tha  unateady  lift  my  be  modeled  aa  a  lino  of  acouatlc 
dipoles,  distributed  along  the  span,  moving  with  velocity  If  in  tha  y  direct  ion. 

Undat  theae  condltioe*  the  far  flald  vcoustlc  pressure  due  to  a  tingle 
frequency  component  of  unsteady  lift  cauaod'by  tha  oblique  sinusoids!  gutt  was 
shown  to  be 


(9) 


|pt».»)i  - 


tQ  fe  sink  aln{kao((tanA)/rt  -  (coab  sinf)/(l  -  tt  cos*  cos*)]) 

2sr  (l  -  H  corn*  cost)^  k[(tenA  }/M  -  con*  sin*/(l  -  K  cos*  cos*)) 


where  Lq  la  the  amplitude  of  the  Qctuerlcg  lift,  V  and  *  are  tits  elevation  and 
ax lout h  angles  of  Pig.  2,  A  la  tha  angle  between  the  blade  and  the  vortex  H  la 
the  blade  Mach  number,  k  la  the  »-oustfc  wave  n«s*er  C/c.  (Equation  9  differs 
from  eq.  30  of- ref  (4)  In  that  an  error  was  sab:  previously  In  going  from  acoustic 
power  to  acoustic  pressure  for  a  moving  acoustic  source).  Equation  9  1  -.dlcatc*  Shat 
She  angle  A  between  the  blade  and  vertex  hae  a  major  effect  on  the  acoustic  field. 

This  ie  becaure  the  angle  between  the  vortex  and  blade  determines  the  trace  velocity 
of  tke  interaction  along  tha  blade.  If  this  trace  velocity  is  iubsonlc,  very  little 
acouatlc  power  la  generated  for  the  flwtuatlng  force  level  which  exists  at  the  various 
spenwlse  stations  along  the  blade.  In  fact.  If  tha  blade  were. Inf Inltely  long,  exactly 
no  sound  would  be  generated  by  theae  fluctuating  forces.  (This  1»  discussed  In  more 
detail  in  (4)). 

figure  4  shows  thu  maximum  amplitude  of  the  directivity  -Vic t ion  defined  at 

(10) 

sin(s.«(tani/h  -  cos*  mltir/ /1  -  H  coa)  coi^li  sin* 

D(*.*> 


•o(l  -  M  cos)  cos*) A  (WftanA/M  -  cos)  sln*/(l  -  M  co«tr  „'*af)J) 
vs.  elevation  angle  t 

for  various  combinations  of  A  and  Mach  number  .V.  The  most  important  feature  of  these 
curves  is  the  dependence  on  A.  As  the  angle  between  the  blade  and  vortex  increases, 
the  aceuetic  efficiency  la  greatly  reduced.  Tfcn  results  oi  i«r.(4)eIso  indicated  a 
etremg  beaming  af  the  signal  in  a  dlrectlen  normal  to  tha  bl.de- (say  within  20*). 
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Fl6.  4  MAXIMUM  AMPLITUOC  OF  THC  WWSCriViry  FUNCTION 
ASA  FUNCTION  OF  #,20  lag  3  { ^  f )  FO*  b*0  >M. 
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THEORETICAL  AW  EXPERIMENTAL  STUDIES  OF  HILICOmft  NOISE  CUE  TQ>  tUDE»*MTU  INTERACTION 


Sloe*  the  directivity  function  4ms  not  CMtoin  the  osgoltuds  of  tho  unsteady 
Ult,  o  further  .reduction  tn  tbo  signal  U  obtained  so  A  Ikcmmi  4m  to  * 
decrease  U  the  fluctuating  lift,  fig  (5)  total  fme  (4)  i«41cotoo  tho  olfoct  on 
tho  acoustic  spectnat  of  tho  mductlso  tn  unstoo4y  lift  4u*  to  Increasing  bls4« 
vortt*  a  no  la  A  so4  blade  vortsx  spacing  h.  Recalling  that  so  loctsass  In  voitox 
com  slss  Is  equivalent  to  an  sffoctivo  lacisaso  to  h,  we  can  so*  a  reduction  to 
Isvsl  and  high  frequency  contsat  uoul4  accoapaay  aa  laemsM  in  voitox  com  site. 

As  A  approaches  >0*  tho  ocauatlc  sa4  aarodyeenlc  thoorlos  U  this  ao4*l 
predict  no  uastao4y  lift  on4  no  souo4  r*41atlon.  This  Is  oao  mason  why  this 
aodel  doss  not  characterise  bledo-votm*  Interaction  which  occur  naar  tho  tip 
for  a  sin* Is  rotor  sines  thoso  Intoractlons  occur  at  angles  vary  closo  at  *0*. 

Ths  coaplsxltiss  of  tho  roal  flow  which  have  boon  loft  out  ef  tho  slapllflod  aodcl 
aust  than  ho  re-exeelned. 


FIG.  5  NORMALIZED  SPECTRA  OF  THE  TRAN  SENT 
BLADE /VORTEX  INTERACTION  AS  A  FUNCTION 
OF  S;  A* BLADE/ VORTEX  ANGLE,  h« BLADE/ 
VORTEX  SEPARATION. 


PPtRlMtyrAL  SWPT 

Sow  of  tho  ooi 1 loot  esper mental  dots  wo  hod  access  to  on  tho  ocoustlc  sign¬ 
ature  duo  \0  Made- vert  a*  Interaction  woo  obtained  hy  IwlH  Vsrtol  (4)  using 
tho  node!  near  of  HcComlck  (7).  Tho  comparison  botwoon  tu*  psok  to  psok  pressure 
In  tho  troosloat  ocoustlc  signal  oo  obtained  frow  tho  osporl«ont  and  ss  predicted 
it  m  tho  t  barest  leal  nodal  art  ohovn  tn  fig.  4  and  7,  laion  firs*  (*).  Also  shown 
is  a  sketch  of  tho  ertestsot  ocoustlc  pul  so  fmu  both  tho  thoomtlcol  prediction 
and  tho  t*p*;laont.  Vi  folt  that  tho  double  puisr  obtained  In" tho  eeper Inset 
woo  tho  rosalt  of  ml  lection  of  sous  nearby  surface.  This  wos -later  confirmed  when 
w*  obt«l.T?4  our  v.+  r.^nlsifiul  moults.  Also  shown  In  Fig.  4  Is  ths  thoorettcal 
prediction  of  tho  of  fact  of  a  chatgo  lr»  com  alto  on  tho  signal.  As  i»uld  bo 


expected  tho  corn  also  offsets  tho  level  glgnlflcsntly  for  vary  closo  interactions 
but  la  un Important  If  tho  blodo  passes  only  through  tho  potontlal-f low  region  ef 
tho  vertex. 

Wo  have  now  begun  to  obtain  oxporlnontal  data  on  rad  lot  nd  no  1m  due  to  blodo* 
vortt*  intoroctlon  In  our  open  Jot  wind  tunnel.  Figure  I  shows  a  skeuatlc  of  the 
axporlnoqt  (tho  tunnel  with  tho  node!  helicopter  rotor  and  tbo  upetrasa  vortex 
generator)  as  wall  no  tho  tr one loot  a  com tic  signal  duo  to  blodo -vert ox  Intoroctlon 
at  an  angle  A»40*.  The  acoustic  signature  In  procoaood  on  a  "Movefens  Educator** 
which  extracts  tho  ropoatnd  tronotont  signal  Iron  tin  uncormlatod  background  noise. 
The  lownr  trnen  shows  tho  row  data  (at  n  reduced  scale),  tho  uppor  trace  the  extracted 
blade-vortex  transloac  signal.  Tho  left-hand  curves  shows  tho  acoustic  signal 
obtolnod  frea  tho  nndol  rotor  without  flow  In  tho  tunnel.  This  signal  in  Just  the 
rotational  noise  of  tho  nodol  rotor  in  hover.  Tho  right-hand  curves  show  the  acoustic 
signal  4m  tn  blade- vortsx  Interaction  —  tho  vortex  being  generated  upetroan  In 
tho  tunnel  by  n  fixed  vortex  generator.  The  process lag  of  the  signal  by  tbo  warn 
analyser  mpreves  ths  clarity  of  tbo  transient  signal  in  coops risen  with  tho  row 


o  LABORATORY  MOOEL  ROTOR  EXPERIMENTS 
- THEORETICAL  PREDICTIONS 


FIG.  6  EFFECT  OF  TIP  VORTEX  CORE  SIZE  ON  HELICOPTER 
NOISE  DUE  TO  BLADE /VORTEX  INTERACTION. 
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FIG.7  COMPARISON  OF  THEORY  AND  EXPERIMENT  ON  THE 
EFFECT  OF  BLADE /VORTEX  ANGLE  AND  SPACING 
ON  THE  TRANSIENT  SIGNAL  h *  BLADE/ VORTEX 
SPACING  ROTOR  RPM  -1500. 


4«U.  TIM  typical  shape  of  the  Mtfrwrtei  Interaction  ttuilMt  li  clearly 
visible  in  th«  processed  signal.  One  can  atao  see  (he  reflected  pula*  from  the 
concrete  cell Inc  (the  celling  will  eventually  he  covered  with  an  anechoic  treatnent). 
This  reflected  pulse  la  nuch  clearer  in  aoee  of  the  acouatlc  data  which  will  he 
presented  later  In  this  paper. 

In  order  to  predict  the  tranalent  acouatlc  pulse  one  auat  know  the  tangential 
velocity  distribution  in  the  vortex.  This  waa  obtained  by  measuring  the  vortlclty 
distribution  in  the  vortex  (near  the  point  of  intersection)  with  the  vortlclty  netcr 
developed  by  McCormick  (8).  The  experimentally  determined  vortlclty  distribution 
and  the  calculated  tangential  velocity  distributions  are  shown  in  Fig.  9.  In 
applying  the  analytical  prediction  method  for  Intersection  through  the  vortex 
cere,  the  vortex  is  modeled  aa  a  potential  vortex  with  the  effective  distance  and 
circulation  chosen  so  aa  to  match  both  the  location  and  magnitude  of  the  maximum 
normal  velocity  at  the  blade. 

The  experimental  results  for  the  pealcto-pcak  pressore  )n  the  tranalent  acouatlc 
signal,  present  In  the  form  20  log  dp  re  £002  ub  vs.  the  blade-vortex  separation 
h  In  inches,  are  presented  in  Figs.  10.  11.  12  and  13  for  values  of  blade-vortex 
Interaction  angle  of  0*.  >1*.  38. 5*  and  (3*.  The  reaulLs  Indicate  a  rapid  decrease 
In  SPL  as  A  and  h  Increase.  The  agreement  between  theory  and  experiment  is  Certalr.ly 
acceptable  considering  the  simplicity  of  the  model.  In  replacing  a  rotating  blade 
interacting  with  a  vortex  with  a  finite  length  blade  translating  over  a  vortex, 
one  does  not  kr>w  precisely  how  to  choose  the  effective  translational  velocity  and 
the  effective  blade  interaction  length.  The  agreement  between  theory  and  experiment 
Is  poor  for  very  large  Interaction  angles,  (A >45").  This  is  to  be  expected  since  many 
of  the  assumptions  in  the  simple  model  are  not  vallJ  as  the  blade-vortex  Interactions 
occurs  near  the  tip  region.  The  present  analytic  model  seems  to  underpredict  the 
radiated  noise  although  we  consider  the  experimental  results  to  fc»*  soe**vhat  preliminary 
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THCOttTICM.  MO  EXPCAltCNTAl.  STUOltS  Of  HELICOfTW  NOISE  DUE  TO  lUK-IKMTU  INTERACTION  ' 


FI6.  10  THE  EFFECT  OF  SPACIN6  BETWEEN  TIP  VORTEX  AND  ROTOR  ON 
SPL  OF  TRANSIENT  SIGNAL;  A»0*. 


FIG.  1 1  THE  EFFECT  OF  SPACING  BETWEEN  VORTEX  AND  ROTOR  ON  SPL 
OF  TRANSIENT  SIGNAL  ;  A  >11*. 


FIG.  13  THE  EFFECT  OF  SPACING  BETWEEN  VORTEX  AN  ROTOR  ON 
SPL  OF  TRANSIENT  SIGNAL  ;  A>SA5*. 


sinew  the  saecholc  treatment  ha*  not  yet  been  applied  to  tho  walls  of  the  tsst  area. 

Figure*  14  an d  15  show  tha  shape  of  tW  transient  pulse  for  A  -  11*  an d  A  *  43* 
attained  Iron  tha  aiparlust  as  wall  aa  fro*  analytic  predictions*  Hie  eiparlMntil 
results  show  many  raflaetlans  fro*  the  walls  af  the  enclosure  which  sake  tha  Interpre¬ 
tation  af  Just  what  constitutes  the  blade-slap  signature  a  hit  difficult.  The 
second  pulse  has  been  ki set If lad  as  a  reflect lan  fron  tha  celling  with  later  returns 
coning  fron  the  walla  and  the  floor.  The  analytic  predict lens  do  agree  with  the 
shape  of  the  "first  arrival**  of  the  trees lent  signal. 

The  effect  of  rotor  angular  velocity  on  gp  la  shown  la  rig.  14.  In  this 
neper leant,  the  clrculatiae  ef  the  vertex  was  hold  const sat.  The  tSeeretlcal  curve 
predicts  an  inc rasas  In  Sfl  proportional  to  ll\  tha  experl sent  suggests  U*  with  sene 
scsttsr.  The  U*  dspandmos  ocurrs  because  the  1  educed  angle  of  attack  for  a  given 
circulation  is  invsrsely  proport  1cm  1  to  velocity. 

In  an  actual  hslicspttr  (holding  the  lift  constant)  the  circulation  would  be 
roughly  inverse  to  tha  velocity  ao  that  the  blade-slap  slgeatwre  SPL  will  increase 
as  U2.  This  hewavar  Ignores  tha  affect  of  this  Chang*  in  operating  condition  on 
both  tha  vertex  care,  else  and  the  blade-vertex  seperet  lan— bath  vary  lnportent 
parameters  In  determining  tha  blede«slep  signature. 


FIG.  12  THE  EFFECT  OF  SPACING  BETWEEN  VORTEX  AND  ROTOR 
ON  SPL  OF  TRANSIENT  SIGNAL;  A>36.6* 
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FIG.  14  EXPERIMENTAL  RESULTS  AND  THEORETICAL 
PREDICTIONS  OF  THE  ACOUSTIC  PULSE  DUE  TO 
BLADE -VORTEX  INTERACTION  ;  A*  1 1 
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FIG.  16  EFFECT  OF  ROTOR  ANGULAR  VELOCITY  ON  SPL  OF  TRANSIENT 
SIGNAL. 


IMPULSIVE  NOISE  DCS  TO  TIP  1KTE8ACT1C »  —  HODtL  II 


EXPERIMENT 


THEORY 


While  the  analytic  »odel  of  blade-vortex  Interaction  it  very  suitable  for 
the  tandem  rotor  Interactions,  It  does  not  correctly  predtetthe  radiated  noise 
due  to  blade-vortex  interaction  near  the  tip  on  the  advancing  blade  side  of  a 
single  rotor  helicopter.  This  Is  because  the  unsteady  aerodynamics  assizes  an 
infinite  (two-dimensional)  blade  with  ro  tip.  This  aerodynamic  model  Is  not  able 
to  account  for  the  unsteadiness  a*  the  tip  of  the  blade  rotates  anJ  moves  over  the 


Qualitatively,  we  expect  the  force  on  the  blade  due  to  blade-vortex  Inter¬ 
action  to  behave  as  shown  (fig.  17).  When  the  blade  Is  In  position  (I)  the  net 
force  due  to  the  presence  of  the  vortex  Is  snail.  In  position  (4)  it  Is  also  saall 
because  the  positive  and  negative  forces  along  the  sp*n  will  nearly  cancel.  However, 
as  the  blade  moves  from  (1)  to  (*)  a  negative  force  will  fce  felr  as  the  tip  Interacts 
with  the  negative  downvash  of  the  vortrx;  the  net  unsteady  force,  f(t),  should 
behave  as  sketched.  The  radiated  noise  Is  determined  by  the  rate-of-ehange  of 


r, 


FIG.  IS  EXPERIMENTAL  RESULTS  AND  THEORETICAL 

PREDICTIONS  OF  THE  ACOUSTIC  PULSE  OUE  TO 
BLADE -VORTEX  INTERACTION  ;  A  *  63*. 


We  will  argue  that  since  the  rate  of  change  of  angle  of  attack  at  the  tip  Hue 
to  the  presence  of  the  vortex,  especially  In  the  situation  where  the  vortex  Is  very 
close  to  the  surface  of  the  wing  the  unsteady  flow  field  may  be  analysed  by  applying 
slender  body  theory  to  the  tip  region.  This  of  course  Is  not  valid  In  from  the  tip. 
Although  analytic  difficult le*  prevent  a  rigorous  matching. to  a  two-dimensional  or 
I  If  clng-l  Ine  theory  for  the  rest  of  the  blade,  we  feel  that  come  Insight  Into  possible 
optls-im  tip  >Un  form  shapes  might  be  gained  by  apply  tag  the  simple  Ideas  of  slender- 
body  theory  rather. than-attempt  a  complete  nusMrlcal  treatment  of  the  full  three- 
dimensional  unsteady  aerodynamics  of  the  Up.  Slender -body  theory  does  ho**»#r 
have  a  number  of  psrulfsr  features  even  In  steady  flow  which  are  difficult  to 
accept  for  helicopter-blade  tips— as  wilt  be  seen. 
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THEORETICAL  ANO  EmtlNENTAL  STU01CS  OF  HELICOPTER  NOISE  DUE  TO  ILAOE-VORTEX  INTERACTION 


'•••v,  <‘*57  V £ 


(20) 


Im  thU  process,  the  uattu^jr  part  of  the  pressura  Is  written  In  ttru  of  the 
•teady  part;  this  will  simplify  the  space  Integration  process  to  get  the  force, 
fro*  the  slender- body  theory,  the  portion  ef  the  blade  sfter  the  Intersection 
of  looking  edge  sad  trolling  edge  will  Mho  no  contribution  to  the  lifting  force 
so  the  inree  per  unit  length  olong  the  blsde  Is  given  by 
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since  »  In  continuous  st  the  leering  edge  so 
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with  (1))  substitute  Into  (2)) 
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The  section  lift  coelficlent  con  be  obtained  os 
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But  It  should  be  noted  that  this  result  Is  applicable  only  to  the  tip  region  of 
the  blade  while  away  from  It,  two  dimensional  lifting  line  theory  should  be 
used  to  calculate  the  section  lift  coefficient.  This  gives 
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FIG.  19  THE  SECTION  LIFT  COEFFICIENTS  FROM  SLENDER- 
BODY  THEORY  AND  LIFTING  LINE  THEORY  AT  THE 
TIP  REGION. 


Before  we  evaluate  the  force  and  its  time  derivative,  we  first  examine 
the  characteristic  of  the  ’’unsteadiness"  of  the  two  parts  of  the  force  due  to  the 
tip  region  and  due  to  the  rest  <?fr  the  blaJe. 

The  second  part  of  the  force,  which  can  be  obtained  fron  two-dimensional  theory, 
has  .1  definite  lift  distribution  which  depends  only  on  the  angle  of  attach.  Hence, 
Its  "unsteadiness”  comes  Just  from  Its  uniform  translation  along  the  blade.  From 
early  consideration  for  the  tip  Interaction  of  single  rotor,  this  translation  speed 
is  very  low  and  the  acoustic  rnd 1st Ion  from  this  translating  force  Is  negligible. 

$0  the  effective  force  that -contributes  to  the  acoustic  radiation  I*  only 
that  due  to  the  tip  region 

2  £m 

W‘>  - 11/2 15  v  <2bo)I  <Jo  cf  <V’  li  d  W  -  0  <2I) 

With  (25)  substituted  Into  (26),-- this  becomes 

0  r  v*  v 


(To  cor rtctly  match  these  two  region* an  Intermediate  three-dimensional  region 
should  be  used.  This  may  be  investigated  in  the  futura.) 

In  Fig.  1?  Cf  (f^;t)  and  (r  ;t)  for  given  V^,  4^  and  h  are  plotted  for 
various  times. 

There  should  be  a  region  on  the- blade,  sey  (M,  m  q  mrmt  where  the  theory  used 
to  calculate  the  force  should  be  changed  from  the  tip  slender-tody  theory  to  the 
two-dimensional  lifting  Una  theory.  Then  th*  total  force  on  the  blade  will  be 


r(t)  •  (i«  1  v(}  (j.ji  > 


frm  fr-  U» 

<J0  cf  (V  *M  f«  *  jr  cra>  (,.!  0  *  *<?’.  •  0 


» 


-1  ^  Or/2)  m 

Urm  -  »)  tan  1  — - <0'  (V2) 


.  r  ♦  A_  »  2/r  JTi  sin  (#.i*2) 

-  y  lr^  ,  A_  .  ,7Tr  .in  Vifl I)'v.  .  0 

the  time  derivative  01  the  force-ls  given  by 


,reff  iF-fOl  *rVfVe  tfe 

— r  <0  •“>rfjr — t - “  *57'*"  V  * 
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This  is  the  strength  of  ths  acoustic  dipole  sad  tb*  acoustic  pressure  field 
can  uilljr  be  calculated. 

The  value  of  ra  remains  am  opsn  question,  tc  may  depend  on  the  unsteadiness 
i.e.  V£.  Moults,  f  com  OO)  or*  plot  tod  to  Fig.  20  by  choosing  s  cutoff  of  ono 
chord  length;  this  shows  tho  shops  of  the  impulse  qualitatively. 

From  OO)  wo  coo  soo  that  tho  oagsltuds  of  tho  time  dorlvstlvo  of  fores  Inert ass a 
with  V£  sod  aL.  This  suggest  that  it  caa  ho  rsduetd  by  modifying  tho  rotor  and 
blado  design. 

First  consider  V ,  for  a  given  flight  speed.  can  be  reduced  by  reducing  tho 
advance  ratio  with  the  estrone  Unit  V£  •  0  at  hovering. 

The  leading  edge  interaction  angle  dL  depends  on  both  the  interaction  angle  A 
and  the  swept  angle  of  leading  edge  (Fig.  21).  Is  decreasing  as  A  increases, 
this  can  bo  accomplished  by  two  ways  --  rsduce  the  advance  ratio  and  Increase  the 
number  of  blades.  To  increase  the  number  of  blades  has  another  benefit  that  the 
loading  on  each  blade  Is  reduced  and  thus  the  strength  of  the  tip  vortices  can 
be  reduced.  can  also  be  reduced  by  having  a  swept  forward  leading  edge  near  the 
tip;  this  Is  described  geometrically  In  Fig.  21. 

To  euamarize,  the  blade  slap  noiou  of  a  single  rotor  can  be  reduced  by  having  « 
smaller  advance  ratio,  more  blades  cn  the  rotor  and  s  swept  forward  loading  sdge 
near  ths  tip  of  the  blade.  Of  course,  the  noise  could  be  further  reduced  by 

reducing  the  flight  speed  and  greet  weight. 

LOWCtUSIOHS 

We  have  presented  the  neeults  cf  our  ongoing  theoretical  and  experimental 
studies  of  signature  due  to  blade  vortex  interaction.  The  experimental  and 
theoretical  reeults  obtained  to  dace  clearly  demonstrate  the  ability  of 
simple  unsteady  potential  flow  models  to  predict  the  blade-slap  signature.  The 
snelyslf  tf  the  tip  region  uelng  slender  body  theory  Is  at  ill  In  the  very 
preliminary  stsgee.  We  would  hope  to  obtain  some  Insight  Into  possible  optimum  tip 
shapes  to  rsduce  btede  slap  noise  and  to  tsst  these  concepts  In  the  wind  tunnel. 


V 


PIG.  21  MODIFIED  BLADE  TIP  WITH  SWEPT - 
PORWARD  LEADING  EDGE. 
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ABSTRACT 

"heoretical  and  computational  studies  of  rotor  tip  sound 
radiation  have  been  conducted  for  the  purpose  of  designing  rotor 
tips  that  radiate  less  sound  In  specified, frequency  bands.  Con¬ 
sideration  Is  given  to  radiation  due  to  lift  and  thickness  ef¬ 
fects.  Effects  of  unsteady  vortex  shedding  on  lift  radiation 
are  examined.  It  is  shown  that  lift  radiation  is  generally  neg¬ 
ligible  In  comparison  with  thickness  radiation.  A  computational 
algorithm  is  developed  for  the  synthesis  of  tip  shapes  that 
cause  minimum  thickness  radiation  In  specified  frequency  bands. 
Numerical  results  are  obtained  for  tip  shapes  that  minimize  high- 
frequency  radiation,  and  a  substantial  reduction  of  radiation  In 
comparison  with  existing  shapes  is  shown.  The  uncertainty  prin¬ 
ciple  is  used  to  establish  a  fundamental  relationship  between  the 
tip  section  chore*  length  and  the  minimum  possible  cutoff  fre¬ 
quency  for  effective  suppression  of  high-frequency  sound.  Factors 
that  affect  trade-offs  between  choices  of  airfoil  section  and 
planform  are  discussed. 

1.  INTRODUCTION 

It.  this  paper,  we  present  the  results  of  theoretical  and 
computational  studies  of  rotor  tip  sound  radiation.  The  purpose 
of  the  research  Is  the  design  or  rotor  tips  that  radiate  less 
sound  in  particular  frequency  bands.  By  design,  we  mean  the 
selection  or  a  combination  or  planrom  and  airfoil  section  shapes 
baseu  on  acoustical  and  aerodynamic  considerations.  The  sound 
radiation  that  we  consider  Is  that  due  to  compressibility  effects 
that  are  important  as  the  Mach-number  of  the  advancing  rotor  tip 
approaches  unity. 

The  theory  of  bound  radiation  from  accelerating  airfoils  has 
been  presented  In  another  paper  iJ).  Sound  radiation  Is  due  b>th 
to  the  lift  distribution  on  the  tip  and  to  the  longitudinal  sec¬ 
tion  area.  Since  a  functional  relation  was  developed  between  the 
radiated  sound  spectrum  and  these  functions,  It  is  implicit  that 
we  should  be-ablu  to  derive  tip  shapes  that  will,  radiate  less 
sound,  at  least  In  some  frequency  bands. 

As  wc  seek  other  shapes  however,  It  will  be  necessary  to  im¬ 
pose  constraints  on  the  area  and  lift  distributions.  The  area 
function  must  be  positive.  We  can  keep  the  tip  volume  constant 
by  fixing  the -integral  of  thc-arca  function,  and  the  center  of 
gravity  is  fixed  if  the  first  moment  of  area  is  fixed.  In  the 
case  of  the  lift  distribution,  we  might  like  to  keep  the  total 
lift,  the  pitching  moment  (first  chordwise  moment  of  lift),  and 
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the  center  of  pressure  fixed.  The  actual  constraints  employed 
are  discussed  below. 

It  is  not  necessary  to  point  out  that  designing  airfoils  by 
acoustical  considerations  is  unusual.  To  aercdynamiclsts  such  an 
approach  may  seem  naive  and  presumptive.  But  we  do  not  minimize 
the  aerodynamic  problems.  The  design  suggestions  offered  here 
are  only  partial.  Sufficient  freedom  will  be  available  after 
the  acoustical  design  is  complete  to  allow  for  aerodynamic  per¬ 
formance  optimization,  which  must  include  both  acoustical  and 
aerodynamic  experimentation.  We  do  feel,  however,  that  our 
approach  -  the  definition  of  thickness  and  lift  distributions 
through  acoustical  considerations  -  is  a  viable  and  desirable 
procedure. 

II.  RAOtATION  BY  LIFT  AND  THICKNESS  EFFECTS 

In  Ref.  1,  a  particular  model  is  used  for  the  calculation  of 
the  sound  radiation.  The  rotor  tip  is  modeled  as  a  "torpedo", 
an  axially  symmetric  shape  with  lift  and  longitudinal  section 
area  (LSA)  identical  to  that  of  the  tip  section.  Further,  the 
lift  and  area  effects  are  replaced  by  body  force  and  volume  ve¬ 
locity  distributions  along  the  axis  of  the  torpedo.  Thus,  we 
replace  a  boundary  value  problem  on  an  alrroll  that  has  dimen¬ 
sions  in  feet  with  nn  inhomogeneous  wave  equation  problem  where 
the  source  terms  are  concentrated  along  a  single  line.  It  is 
worthwhile  discussing  the  limitations  that  nay  result  frem  this 
approximation. 

The  area  effect  alone  can  tc  treated  as  a  distribution  of 
simple  sources  over  the  tip  planform.  Generally,  these  sources 
produce  no  normal  velocity  In  the  plane  In  which  tney  arc  located. 
Thus,  the  rigid  boundary  condition  Is  automatically  satisfied  for 
thin  airfoils.  In  addition,  as  we  showed  In  Ref.  I,- the  direc¬ 
tion  of  sound  radiation  from  the  area  erfcct  is  vcx*y  strongly 
forward.  Ihus,  In  the  spanwlsc  direction,  the  trace  wavelength 
for  radiating  wavenumbers  is  quite  large  compared  to  the  tip 
spaniength.  This  means  that  the  radiated  sound  Is  insensitive 
to  the  distribution  of  volume  velocity  in  this  dimension.  The 
volume  vclvcity  may  therefore  be  concentrated  .  *to  aline  In  the 
chord wise  direction. 

The  Ratification  for  the  lift-body  force  replacement  is 
more  difficult.  In  part  it  Is,  as  wc  shall  see,  that  the  lift 
radiation  is  ro  much  weaker  lhan-the  area  radiation  that  it 
.♦oesn't  much  matter  what  we  assume  as  long  as  we  get  a  "ball 
park"  estimate.  Wc  can,  however,  do  better  than  that. 

The  dipole  distribution  over  the  planform  representing  thv 
lift  stress  would  produce  ner.zcr©  velocitier  in  th»  plane  or  the 
airfoil;  therefore,  the  rigid  surface  of  the  airfoil  win  affect 
the  radiation  from  these  sources.  We  n»*ed  to  estimate  the  size 
of  this  effect  that  wc  arc  not  accounting  for.  We  can  do  this 
by  noting  that  Pfowss  Williams  has  shown  that  supersonic  multi¬ 
pass  radiate  independently  of  each  other  t£J. 
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Thu*,  at  least  for  th#  supersonic  wavenumbers  describing  the 
source  distribution,  the  effect  of  in  infinite  rigid  plane  passed 
through  the  plane  between  the  positive  and  negative  nonopoles 
nalclng  up  the  elementary  dipoles  is  to  increase  the  sound  radia¬ 
tion  by  6  dB  (3  dB  for  each  side  c'  the  plane).  Since- tut  actual 
rigid  plane  is  the  size  of  the  tip  planfora,  the  radiation  aug¬ 
mentation  will  be  less  than  6  dB.  With  the  infinite  rigid  plane 
inserted,  the  Justification  for  collapsing  the  dipoles  into  a 
chordwise  line  is  the  same  as  above,  since  the  radiation  from  the 
lift  distribution  is  also  very  strongly  forward  [23. 

In  Ref.  1,  the  lift  force  per  unit  length  in  the  chordwise 
direction  is  given  by 


t(x)  •  P,V*  o(t)  IBCp(x) )  . 


(1) 


The  product  BCp  is  proportional  to  the  incremental  lift  force  per 
radian  increase  in  angle  of  attack,  and  is  expressed  in  Ref.  3 
by  the  product 


7  DCp(x>  "  %  if 


(2) 


where  the  two  factors  on  the  rhs  of  Eq.  2  are  tabulated  for  vari¬ 
ous  airfoils. 

Applying  the  formulation  of  Ref.  1,  we  have  calculated  the 
sound  power  radiated  by  an  airfoil  of  the  following  specifications: 


Section  Shape 

Chora  Length 

Number  of  Blades 

Tip  ??an 

Average  Angle  of 
Attack 


JJACA  0012 
18  In. 

2 

*6  in. 

8® 


Rotor  Disk  Diameter 
R?M 


Forward  Speed 

Advancing  Tip  Hach 
No. 


*8  ft 
300  (5  Hz) 

333  ft/sec 
0.96 


The  radiated  sound  power  is  expressed  as  the  a.s.  pressure  at 
50  ft  averaged  over  all  directions.  The  results  of  the  calcula¬ 
tions  are  shown  in  Pig.  1.  The  difference  in  level  in  nearly  all 
bands  is  at  least  *»o  dB  and  in  tne  higher  bands  it  approaches 
70  dB.  Thus,  even  with  a  6  dB  augmentation  of  lift  radiation  due 
to  blade  baffling  effects,  our  conclusion  that  lift  radiation  is 
unimportant  would  not  be  affected. 


Fig.  2.  One-third  octave  band  spectra  for  thickness  and  lift 
radiation  including  high-frequency  vortex  shedding.  (See  text 
for  parameters.) 

We  can  Include  the  effects  of  unsteady  vorticity  shedding 
from  the  rotor  tip  by  postulating  a  "high  frequency"  component  in 
the  angle  of  attack.  At  an  example,  we  have  assumed  the  sane 
conditions  as  those  for  Pig.  1,  but  have  added  a  fluctuating 
angle  of  attack  of  1  degree  amplitude  at  the  50eA  harmonic  of  the 
rotor  rotation  rate  (frequency  of  vortex  shedding  ■  250  Hz).  The 
results  of  this  calculation  are  shown  in  Pig.  2.  Note  that  the 
augmentation  In  radiation  is  quite  broad  band,  and  does  not  show 
up  in  the  250  Hz  band  at  all.  This  example  does  show,  however, 
that  excessive  fluctuation  In  the  shed  vorticity  during  the  for¬ 
ward  sweep  of  the  blade  may  cause  lift  radiation  that  could  com¬ 
pete  with  thickness  radiation  in  the  higher  bands. 

The  principal  lesson  from  the  foregoing,  insofar  as  design 
is  concerned,  is  that  we  can  concentrate  oh  minimizing  thickness 
radiation.  This  circumstance  is  Tortunate  since  the  relation  be¬ 
tween  tip  shape  and  thickness  radiation  is  very  direct,  while  the 
lift  distribution  depends  on  shape  in  a  rather  complicated 
fashion  [Jj.  Thus,  our  approach  Is  to  synthesize  tip  shapes  for 
minimal  noise,  under  certain  constraints.  We  can  then  look  at 
the  pressure  distributions  on  these  derived  "optimal"  shapes  from 
the  viewpoint  of  flow  separation  and  lift  radiation.  If  they  ap¬ 
pear  to  be  acceptable,  they  will  become  candidates  for  a  new  tip 
design,  to  be  studied  experimentally. 

III.  MATHEMATICAL  FORMULATION  AHO  NUMERICAL  RESULTS 

In  Ref.  1,  the  LSA  function  A(x)  was  expanded  in  an  expo¬ 
nential  Fourier  series, 


A(x) 


i  7  i*.  * 

*'  I  *„«  ~ 


0<x<l 


(3) 


Fig.  1.  One-third  octave  bend  speetra  for  thickness  end  lift 
radi.tlcn.  (dee-text  for  paraneters.) 


where  ka  •  2n*/l.  The  period  l  l*  the  spacing  between  rotor  tips 
in  the  rotor  sodel  used  in  Per.  i;  each  interval  l  contains  one 
rotor  tip.  It  was  ihown  in  Ref.  1  that,  for  practical  purposes, 
there  is  a  one-to-or.e  correspondence  between  the  frequency  spec¬ 
tres  of  thickness  radiation  and  the  squared  nagnitudes  | Aaj 1  of 
the  expansion  coefficients  or  nix).  The  radiated  angular  fre¬ 
quency  corresponding  to  a  spatial  wxvenucber  kB  is  cka,  c  being 
the  speed  of  sound.  We  can  therefore  find  optimal  L5A  functions 


3( 


■  r  ff  i  bhH 


a _ 
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by  minimizing  the  values  of  |AbI*  over  chosen  wavenumber  bands, 
where  the  minimisation  Is  subject  to  an  appropriate  set  cf  con¬ 
straints  applied  to  the  function  A(x). 

The  expansion  coefficients  In  Eq.  3  are 


-ik  x 

Ar  -  A(x)e  m  dx 


which  Is  also  the  Fourier  transform  of  A(x)  evaluated  at  wave¬ 
number  kffl.  We  can  therefore  formulate  the  optimization  problem 
In  terms  of  the  Fourier  Integrals, 


A(x)  •  ji  J  A(k)elkx  dk  ,  -<x<- 

A(k)  -  J  A<x)e"lkx  dx  , 

instead  of  Fourier  series.  The  optimization  problem  Is  thus 
reduced  to  minimising  the  Integral 


I  *  J*  V(k)|A(k)|J  dk  , 


where  V(k)  is  a  nonnegative  real  spectrum  weighting  function 
that  Is  chosen  to  be  large  over  the  range  of  k  where  we  wish  to 
minimise  |A(k)j*,  and  where  the  admissible  A(x)  are  required  to 
satisfy  an  appropriate  set  of  constraints. 


A.  Choice  of  Constraints 


The  LSA  function  A(x)  must  be  constrained  in  the  minimization 
process  so  that  lt-wlll  be  possible  to  design  an  aerodynamical ly 
acceptable  tip  from  the  minimizing  A(x)  function  by  cheesing  an 
appropriate  tip  planfcrn.  (Factors  affectinr  this  choice  are 
discussed  In  Sec.  XV.)  To  help  Insure  that  the- minimising  fore 
of  A(x)  is  "reasonable",  we  shall  constrain  the  admissible  class 
of  A(x)  to  those  functions  lying  between  appropriately  specified 
upper  and  lower  bounds  which  are  functions  of  x.  That  Is,  the 
admissible  A(x)  shall  be  constrained  to  satisfy 

afxJ^AfxJ^btx)  ,  0<x<L  (8) 

where  a(x)  and  b(x)  are  these  bounds,  and  where  L  is  the  maximum 
chord  of  the  tip  section  under  consideration.  At  the  very  least. 
It  is  clear  that  A(x)  must  be  constrained  to  be  positive  and 
finite;  that  Is,  a(x)*0  and  b(x)<». 

If  |A(k)|*  were  to  be  minimized  over  a  certain  interval  of 
k  subject  only  to  the  constraint  of  F.q.  8,  it- Is  clear  that  the 
aininlz'-g  A(x)  function  would  tend  to  fall  onthe  lower  bounding 
function  a(x),  since  the  requirement  that  |A(k)|*  be  small  favors 
small  values  of  A(x).  Such  behavior  unnecessarily  restricts  the 
ehape  of  A(x)  and  can  be  avoided  by  also  constraining  the  area  of 
A(x)  -  l.e.,  by  requiring  that  the  admlsslbleA(x)  also  satisfy 


j  A(x)  dx  •  K#  ,  (9) 

'i 

where  V.%  is  a  specified  number. 

We  shall  require  A(x)  to  satisfy  one  additional  constraint. 
Zt  is  shown  in  Appendix  A  that,  insofar  as  the  constraint  of 


Eq.  8  permits,  the  minimization  or  |A(k)|*  over  given  bands, 
subject  only  to  the  constraint  of  Eq.  9»  would  lead  to  minimizing 
functions  A(x)  that  tend  to  be  symmetric  about  the  mldchox*d 
point  x  ■  1/2.  This  aerodynamic ally  undesirable  result  can  be 
controlled  by  additionally  constraining  the  first  moment  of  A(x): 

#L 

I  xA(x)dx  -  K,  ,  (10) 

where  N,  Is  specified.  Equations  9  and  10,  taken  together,  are 
equivalent  to  constraining  the  area  and  center  of  gravity  of 
A(x).  It  Is  clear  that  Intelligent  choices  for  M#  and  M(  win 
not  be  independent  of  the  choices  for  the  bounding  functions 
a(x)  and  b(x). 

I.  Formulation  of  Problem  in  Terms  of  Sampled  Area  Functions 

For  numerical  solution  of  the  minimization  problem,  the  limit 
constraint  described  by  Eq.  8  is,  in  large  measure,  the  determin¬ 
ing  factor  in  our  choice  of  method  of  representing  the  LSA 
function.  This  is  because  It  must  be  possible  to  conveniently 
transform  this  constraint  to  whatever  representation  of  the  LSA 
function  we  decide  upon.  This  transformation  is  cost  easily 
carried  out  ir  we  base  our  representation  of  A(x)  on  an  appropri¬ 
ate  set  of  the  sample  values  Aj  ■  A(Xj).  It  will  be  convenient 
to  use  equally  spaced  samples;  that  Is,  Xy»  JA,  J  ■  0,1,...,  II, 
where  A  Is  the  sampling  Interval,  and  where  N  •  L/A.  For  values 
of  x  t  Xy  A(x)  is  defined  from  the  set  of  samples  A,, 

J  •  0,1,...,.  H  by  interpolation.  Our  representation  of  A(x)  can 
thus  be  expressed  as 


A(x)  «  l  A.w.(x)  ,  A.  ■  A(JA)  , 
j-0  J  J  J 


Wj(x)  ■  w(x-JA)  ,  ( 

where  w(g)  Is  an  appropriate  Interpolating  function  with  »hc 


w(rA)  •  0,  3**1,  :2 .  (lb) 

In  most  of  our  numerical  work  we  have  used  for  the  Interpolating 


e-*sInh(dfC/A) 

which  is  a  generalization  of  an  Interpolating  function  suggested 
by  Lcroer  tfj.  The  decay  of  the  tails  of  Cq.  15  Is  controlled 
by  the  parameter^.  Por  large  0,  the  tails  have  strong  decay, 
whereas,  as  e-O,  the  rhs  or  Eq.  15  approaches  the  familiar 
[sin(*{/A)J/i*</Aj.  For  r.ost  of  our  numerical  work,  we  have 
used  0  ■  o.bo. 

To  minimize  the  Integral  or  Eq.  7  subject  to  the  constraints 
of  Eqs.  8-10,  It  Is  first  necessary  to  express  |A(k)|*  in  terns 
or  A(x)  as  represented  by  Eq.  11.  After  carrying  out  the  Inte¬ 
gration  in  Eq.  7*  we  can  then  express  the  integral  I  as  an  ex- 
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pliclt  function  of  At, 

Defining 

Wjtk’  4  |"  XjUJe-11"  d=  ,  (16) 


we  obtain,  by  substituting  Eq.  11  Into  Eq.  6, 

M 

A(k)  -  l  A.w.(k)  .  (17) 

J-0  J  J 

Multiplying  Eq.  17  by  Its  coaplex  conjugate  yields 

..  N  K  ... 

|A(k)|*  *  I  l  .*,.A_»,(k)w*(k) 

J-0  m-0  J  *■  - 


N  . 

-  Aj|Vj(k)|*t2|  lAjAgjReCwjikJwJtk))  ,  (10) 

where  the  asterisk  denotes  the  coaplex  conjugate,  and  where 
He[...J  denotes  the  real  part  of  the  quantity  within  the 
brackets.  We  now  substitute  Eq.  12  Into  Eq.  16  And  then  Intro¬ 
duce  the  change  of  variable  t  *  x-JA: 

ij(k)  •  j  w(*-JA)e*lklt  dx 


•  e'lkJt5(k)  ,  (19) 

where  we  have  uxed  the  definition 

w(K)  4  |  w(c)  e_lkC  dC  .  (20) 

Combining  Eqs.  18  and  19  yields 

|A(k)I’  •  |v(k)|'(  I  A{»2j  Ja.A  cos[k(=-J)Aj) 

J»0  J  J<=  J  3 


X  K  iH-n  \ 

*  |w(k)|*{  l  A"»2  E  (  l  A,AU  IcostknA)}  .  !21) 

n-0  "  n-l\j-0  1  -*7 

One  can  show  that  as  A*0,  Eq.  21  becomes  In  the  Halt 
*  L  |L-C  ] 

(A(k)|a  ■2/1/  A(x)A(x*E)dx  cos(kC>dt_,  (22) 

(•3|x>0  I 

which  ls-the  Wiener-Khintchlne  theorem  for  deterministic  wave¬ 
forms  A(x)  that  are  defined  over  a  finite  Interval  0<x<L.  We  can 
therefore  Interpret  Eq.  21  as  the  Wlener-Khlnlehlne  theorem  for 
sampled  deterministic  waveforms. 

To  express  I  explicitly  In  terns  of  A,,A|»..»,Ajj,  we  must 
now  substitute  Eq.  21  Into  Eq.  7*  Defining 


Meat,  we  must  express  the  constraints  In  Eqs.  8-10  in  terms 
of  the  LSA  function  samples  A, ,A? ,. . . ,A^.  Prom  Eqs.  11-13,  we 
Immediately  have  for  the  limit-  constraint 

*  J-0,1,. . • ,N  ,  Constraint  A  ,  (25) 

where 

»J  4  *(JA)  ,  J-0,1,. ..,H  ,  (26) 

and 

bj  4  b(JA)  ,  J-0,1, ...,H  ,  (27) 


are  specified  sets  of  numbers.  Prom  Eqs.  6,  17,  and  19,  wo  have 
for  the  volume  constraint 

N  M 

1  A.  *  -  Constraint  &  ,  (28) 

J-0  J  w(0) 


wnere,  from  Eq.  20,__lt  follows  that 

5(0)  •  I"  wlO  d(  ,  (29) 

Is  the  area  under  the  Interpolating  function.  Turning  to  the 
first  moment  constraint,  we  have  by  differentiating  Eqs.  6  and  17, 
and  then  comblnlngthe  results  with  Eq.  10 
U 

X,  *  1  I  A,5;(0)  ,  (30) 

J-0  *  J 

where  the  prime  denote*  differentiator..  Next,  we  differentiate 
Eq.  19  and  coabine  the  result  with  Eq.  30  which  give*,  after  aone 
rexrrwiftxent, 

tl  H. 

[  (JA-y)A.  •  -  ,  Coptxtrafr.t  C  ,  •  (31) 

J-0  J  w(0) 


.here 


/r.Cw(f.)d{ 
IZ.  w(C)df 


(32) 


according  to  Eq.  20.  Notice  that  t  Is  the  center  of  gravity  of 
the  Interpolating  function  w(C);  thus  y  Is  zero  for  symmetric 
Interpolating  functions  such  as  Eq.  15*  Equation  31  Is  the 
dcslredcxpresslonfor  the  first  moment  constraint  In  terms  of 
the  ESA: function  samples  At,At,.». ,AN. 

Equations  2&,  25*  28,  and -31  collectively  define  the  optimi¬ 
zation  problem  under  **,iislderatlGn.  The  problem  is  tomlMmlsc 
l(A| ,A| ,... ,A^) ,  as  given  by  Eq.  2k,  where  the  admissible 
vectors-  1A# , A Ajj)  are  subject  to  the  constraints  given  by 
Eqs.  25*  26,  and  31*  Our  method  of  solution,  which  Is  based  on 
the  Gradient  Method,  is  described  In  Appendix  B, 


0  4  f  v(k)|wtiO|,coi(knA)dl<  ,  n-0,l,...,H  ,  (23) 

'l 


C.  Solutions  for  Particular  Cases 


we  obtain 


X(A,,A,,. 


(2k) 


Equation  2*  Is  the  desired  explicit  expression  for  the  weighted 
Integral  of  Eq.  7  in  term*  of  the  samples  Aj-A(JA).  Thecoeffl- 
clents  0n  are  defined  by  Eq.  23. 


Por  several  combinations  of  parameter?-,  we  have  used  the 
technique  described  In  Appendix  B  to  find  opt! pum  LSA  functions. 
In  all  of  our  numerical  work,  the  Initial  vector  (a|^,a|0*, 
...,A^°*I  was  taken  to  oe  a  sampled  version  of  an  NACA  0d|2  *Ir- 
fcil.  The  upper  and  lower  bounding  vectors  that  constitute 
Constraint  A  were  both  taken  proportional -to  the  Initial  vector. 
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E 


In  most  casts,  and  were  taken  to 

be  0.5  end  1.5  tlMi  (*50,.*(10>,..,*J0,)  reepeetlvely.  The 
BOMnts  M,  and  H,,  uied  In  Con.tr.lnt.  B  and  C,  ware  evaluated 
free  the  Initial  vector  uainc  Eqa.  28  and  31.  Thla  lnaured  that, 
at  every  stage  of  the  Iterative  procedure  described  in  Appendix  Bf 
had  the  same  area  and  center  of  gravity  as 
the  NACA  0012  starting  vector. 

Figure  3  shows  the  optimum  LSA  functions  and  their  corre¬ 
sponding  spectra  for  chord  lengths  L  ranging,  in  0.5-ft  Increments, 
from  l.J  ft  to  *».0  ft.  For  all- of  the  results  presented  In 
Fig.  3,  the  spectrum  weighting  function  V(k)  was  chosen  to  mini¬ 
mize  the  sound  radiated  over  the  entire  frequency  btnu  above 
700  Hz.  This  was  accomplished  by  taking  V(k),  k  ■  2*f/c,  tc  be 
unity  in  the  band  from  700  Hz  to  11,300  Hz  and  zero  outside  this 
band.  However,  the  value  of  11,300  Hz  can  be  regarded  as  being 
effectively  infinite  since  the  sampled  LSA  function  representation 
used  in  computing  the  results  of  Fig.  3  has  an  Inherent  cutoff 
frequency  of  about  5500  Hz  as  we  shall  now  show. 

Using  tabulated  Integrals,  we  find  the  Fourier  transform, 

Eq.  20,  of  the  interpolating  function,  Eq.  15*  to  be 

In  all  of  the  cases  shown  in  Fig.  3*  we  have  taken  •  •  O.fcO. 

For  this  value  of  *,  Eq.  33  la  very  close  to  a  rectangular  func¬ 
tion  with  cutoff  wavenumber  kfi  •  (s/A).  Hence,  the  cutoff  s*re- 
quencyfc,  in  Hz,  is  fc  *  [ckc/(2*)J  «•  [c/(2A)j.  For  all  cases 
s-icwr.  in  Pig.  3,  we  have  taker.  A  •  (L/N)  ■  0.10  ft;  hence, 
fc  *  5c  ■  55CO  Hz,  the  number  cited  above.  The  fact  that  the 
cutoff  wavenumber  of  w(k)  coincides  with  the  Inherent  cutofr 
wavenumber  of  cur  sampled  LSA  function  representation  follows 
directly  from  Eq.  21. 


The  radiated  spectra  were  computed  using  the  Tormula 

/**  _  I  H  "I  K  iN-n  I 

|  |AOO|’  dlt  .  T,Ot,.k,)jn£()*«|  .2nIitn(k,,k1)|jo*J*J,r  |, 

kl 

where 

Tn(k  |,k,l  ft  j  ‘iwlk)!1  co*(knA)dk  , 


<2*1 

(35) 


where^k,  and  k,  are  the  lower  and  upper  wavenumbers  (k  •  2*f/c) 
corresponding  to  the  standard  one-third  octave  bands.  Equation  3*» 
was  obtained  by  Integrating  Eq.  21  between  the  limits  k,  and -k,. 
The  spectra  of  both  the  initial  sampled  version  of  the  NACA  0012 
airfoil  and  the  final  optimized  LSA  function  Is  shown  for  each 
of  the  cases  studied. 


Referring  now  to  the  spectra  shown  in  Fig.  3*  we  see  that 
virtually  no  improvement  in  the  spectrum  of  the  LSA  function 
with  a  1.5-ft  chord  was  possible.  However*-as  the  chord  was 
Increased  from  1.5  ft  to  3.0  ft,  considerable  Improvement  was 
achieved.  Increasing  the  chord  beyond  3.0  ft  produced  no  further 
significant  Improvement  relative  *o  the  NACA  0012  shapes. 


Fig.  3.  Optimum  LSA  functions  and  their  radiated  one-third 
octave  band  spectra  (so)td  curves)  for  chord  lengths  L  ranging 
from  1.5  to  *.0  ft.  Radiation  is  minimised  above  700  Hz.  Upper 
and  lower  bounds. (dashed  curves)  on  allowable  LSA  functions  are 
0.5  and  1.5  times  NACA  0012  airfoil  of  uniform  spanwlse  thick¬ 
ness.  Dashed  spectra  are  these  of  NACA  0012  airfoils  of  same 
chord  length*  sectional  area*  and  center  cf  gravity  as  optimum 
LSA  functions. 


Fig.  a.  Optimum  LSA  function*  and  their  radiated  one-third 
octave  band  spectra  (solid  curves)  for  J.O  ft  chord  lengths. 
Padlatlon  is  minimized  above  TOO  Hz.  Lower  bound  on  aliowable 
LSA  functions  Is  0.75,  0.5  and  0.2$  times  NACA  0012  airfoil  or 
uniform  spanwlse  thickness.  Upper  bound  Is  1.5  times  NACA  0012 
airfoil  for  all  eaaea.  Dashed  curves  have  aane  meaning  as  In 
Fig.  3* 


J! 
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Turning  now  Co  the  optimum  LSA  functions  shown  In  Pig.  3» 
we  see  that  the  result  In  the  1.5- ft  chord  esse  hss  a  very  blunt 
leading  edge.  As  the  chord  Is  Increased  to  3.0  ft,  both  the 
leading  and  the  trailing  edges  drop  onto  the  lower  bound  con¬ 
straint.  Then,  as  the  chord  Is  further  Increased,  the  trailing 
edge  rises  and  takes  on  a  more  complex  shape. 

Table  1  lists  the  ordinates  of  the  cptia-**  lSA  functions 
shown  In  Pig.  3.  Since  the  termination  of  the  optimization 
technique  was  chosen  to  given  answers  accurate  to  one  part  in  one 
thousand,  three  significant  figures  are  tabulated  in  Table  1. 


TAILE  1.  ORDINATES  OF  0PT1HUH  LSA  FUNCTIONS  SHOWN  IN  FIG.  3. 

ONCiNATCS  ARC  GIVEN  AS  FRACTIONS  OF  CHORD  LENGTH  L. 


X,  ft 

1*1.5 

L-2.0 

L*2.5 

1-3.0 

1*3. $ 

1-4.0 

0.4 

.030 

.000 

.000 

.009 

.000 

.000 

0.1 

-C8* 

.056 

.038 

.030 

.C28 

.026 

0.2 

.059 

.067 

.0*9 

.0-10 

.033 

.036 

0.3 

.107 

.093 

.068 

.90} 

.053 

.052 

3.  ft 

.lift 

.192 

.085 

.069 

.068 

.057 

0.5 

.122 

.118 

.103 

.055 

.036 

.036 

0.6 

•  123 

.129 

.118 

.103 

.102 

.100 

0.7 

.120 

.136 

.132 

.119 

.118 

.115 

o.a 

.112 

.139 

•  1*3 

.133 

.132 

.129 

0.9 

.103 

.137 

.150 

.165 

.1*3 

.150 

l.S 

.08* 

.131 

.152 

.153 

.151 

.157 

l.i 

.067 

.120 

.150 

.153 

.155 

.151 

1.2 

.oftS 

.106 

.lftft 

.159 

.156 

.152 

1.3 

.030 

.0  90 

.13* 

.157 

.15* 

.150 

l.ft 

.013 

.072 

.121 

.151 

.1*9 

•  165 

1.5 

.001 

.OS* 

.106 

.161 

.1*1 

.137 

1.0 

.037 

.089 

.130 

.231 

.129 

1.7 

.022 

.073 

.116 

.121 

.120 

1.3 

,01ft 

.557 

.102 

.110 

.112 

1.9 

.CO? 

.<3ft2 

.osa 

.099 

.105 

2.0 

.001 

.029 

•  673 

.093 

.097 

2.1 

.022 

-C£9 

.081 

.09? 

2.1* 

.017 

.963 

.073 

■  0S3 

2.i 

.012 

■  C37 

.067 

.066 

Z. U 

.007 

.027 

.062 

.035 

2.5 

.001 

.02? 

.057 

.053 

2.6 

.019 

.052 

.032 

2.7 

.016 

,0*r. 

.079 

2.3 

.010 

.077 

2.9 

.096 

.0«9 

.073 

3.0 

.006 

.03* 

.063 

J.j 

.023 

.061 

3.2 

.023 

.056 

3,3 

.017 

.055 

j. a 

.012 

.037 

j.f, 

.00* 

.023 

3«t 

.021 

}.7 

.015 

3.3 

.308 

S.n 

.005 

i.W 

.001 

lr  Pig.  ft  we  shew  thv 

effects  of  vai 

rylr.g  the 

height  of 

the 

lower  bound  constraint  for 

the  case  of  a 

3.0- ft  chord.  Colr.g 

from  top  to  bottom  In  Pig. 

ft,  the  lower  l 

bound  was 

taken  to  be 

0.75. 

9.59,  and  0.25  times 

the  h'ACA  0012 

starting  shape.  The 

spectrum  weighting  function  V(k)  and  Interpolating  function 

*<« 

were  i 

the  same  as 

those  used  ln^cbtalnlng 

the  resu! 

Its  of  FI* 

.  3- 

Thus, 

the  middle 

result  shownln  Fig.  ft 

Is  a  repeat  of  the 

3.0-ft 

chord  result  shown  in  Pig.  3.  The  general  behavior  of  the  spectra 
shewn  In  Pig.  A  is  as  expected. 

In  Pig.  5  we  show  the  LSA  function  that  was  obtained  by  tak¬ 
ing  V(k),  k  •  2sf/c,  to  be  unity  In  the  two  octave  band  from 
700  Hz  to  2800  Hz  and  zero  outside  this  band.  Por  the  Interpolating 
function,  we  used  Eq.  15  with  t  •  0.50.  The  chord  L  was  taken  to 
be  3.0  ft,  and  the  number  of  samples  M  to  be  50.  This  gives 
t  •  (L /«)  •  0.05  ft;  hence,  ffi  *  tc/ttAjJ  *  9200  Hz  Is  the  In¬ 
herent  cutoff  frequency  of  the. sampled  LSA; function  representa¬ 
tion. 


Pig.  5.  Optimum  LSA  function  and  its  radiated  spectrum  (solid 
curves)  where  radiation  was  minimized  between  700  and  2600  Hz. 
Chord  length  is  3.0  ft.  Dashed  curves  have  same  meaning  at  in 
Pig.  3. 

It  is  clear  from  the  spectrum  shewn  in  Pig.  5  that  the  fre¬ 
quencies  between  2600  Hz  and  9200  Hz  were  not  suppressed  in  the 
optimization  process.  It  is  this  high-frequency  content  that 
causes  the  erratic  behavior  of  the  LSA  function  shown  in  Fig.  5. 
However,  in  comparing  the  spectrum  shown  In  Pig.  5  with  the 
spectrum  Tor  the  L  *  3.0  ft  case  shown  in  Pig.  3,  we  see  that 
virtually  the  same  reduction  of  radiated  sound  In  the  two  octave 
band  from  700  Hz  to  2800  Hz  was  obtained  for  the  two  cases. 

To  test  the  dependence  of  the  above  results  on  the  particu¬ 
lar  Interpolating  function  chosen,  the  3.0  ft  chord  case  shown 
in  Pig.  3  was  also  run  with  a  triangular  interpolating  function 
that  decreased  linearly  from  unity  at  any  given  sample  to  zero  at 
its  two  nearest  neighbors.  The  maximum  fractional  difference 
between  the  two  LSA  functions  obtained  was  2.3$.  The  optimum  LSA 
function  obtained  with  the  interpolating  function  or  Kq.  15  voulu 
seem  to  be  somewhat  preferable,  however,  since  the  continuous 
function  defined  between  the  sample  points  by  Eq.  II  is  smooth 
when  Eq.  15  is  used  for  Interpolation. 

The  general  behavior  of  the  spectra  shown  in  Fig.  3  can  be 
partially  explained  with  the  aid  of  the  uncertainty  principle 
for  Fourier  transforms,  wnich  can  be  expressed  (S)  as 

>*=  <-e  »-*  ,  <30 

or.  In  our  application,  as 

2fa  lc  >  c  ,  tyn 

where  kR  is  the  maximum  angular  wavenumber  In  the  spectrua  of 
the  LSA  function;  hence,  fn  ■  cka/(2e)  is  the  maximum  frequency 
In  the  radiated  spectrum  In  Hz,  and  where  L^  Is  the  nominal  (Aj 
LSA  Tunctlon  chord,  and  c^ls  the  speed  of  sounJ. 

Since  we  are  considering  rather  sharp  cutoffs  In  the  fre¬ 
quency  domain,  we  might  first  take  Le  z  L/2,  where  L  is  the 
actual  chord.  The  "uncertainty  principle",  Eq.  37  If.  this  case 
becomes  f^L  c.  Solving  the  equality  In  this  relation  for  L, 
using  c  ■  lloo  ft/sec  and  fa  ■  700  Hz,  gives  I.  •  1.57  ft.  Por 
the  situation  studied  In  Fig.  3  wo  could  not,  therefore,  have 
expected  sharp  reductions  In  the  radiated  spectrum  for  chord 
lengths  less  than  about  1,5-ft,  In  fact,  wc  saw  little  reduc¬ 
tion  for  the  1.5  ft  chord,  but  began  to  see  strong  reductions 
for  the  larger  chords.  However,  we  must  recall  that  the  center 
or  gravity  of  the  LSA  functions  of  Fig.  3  has  also  been  con¬ 
strained  to  be  off  center.  As  far  as  the  uncertainty  principle 
la  concerned,. this  has  the  effect  of  reducing  the  effective 
chord  length  somewhat  further.  The  sharp  reduction  In  the  sound 
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radiation  at  frequencies  beyond  700  Hr  that  occurs  a*  the  chord 
la  increased  frw  1.5  ft  to  3.0  ft  is  therefore  completely  con¬ 
sistent  with  the  '‘uncertainty  principle",  as  described  by  Eq.  37. 
The  results  of  Fig.  3  therefore  can  be  regarded  as  verification 
of  Eq.  37,  which  Is  an  expression  of  the  fundamental  limitation 
on  the  reduction  of  high-frequency  sound  radiation  due  to  thick¬ 
ness  effect?. 

IV.  IMPLICATIONS  FOR  ROTOR  TIP  DESIGN 

The  synthesis,  results  presented  in  Sec.  Ill  determine  an 
LSA  function  only.  The  relation  Ceiwven  the  LSA  function  and 
the  airfoil  section  and  planforo  functions  is  shown  graphically 
in  fig.  £,  which  is  reproduced  from  Ref.  1.  It  Is  clear  that 
having  determined  a  new  LSA  function,  we  have  the  option  of  using 
a  standard  airfoil  section  and  modifying  the  planforta  or  the  re¬ 
verse,  or  modifying  both  planforn  and  airfoil  section.  The  purpose 
of  this  section  Is  to  discuss  the  factor.*,  that  affect  our  choices 
in  doing  this. 


MS  OS  NOTATION 


Pig,  5,  Diagram  of  rotor  blade  tip  showing  how  area  function 
A(x)  is  derived. 


If  wo  /^ry  the  airfoil  section  shepe,  then  two-dimensional 
airfoil  theory  can  be  used  to  compute  the  new  pressure  distribu¬ 
tion  a  run?tt'\n  of  chord  Tor  both  surf  tees  (*)•  Of  course  wc 

wish  the  lift  to  remain  constant,  but  we  will  also  have  to  examine 
the  pitching  coaent,  and  center  of  pressure.  Certain  aerodynamic 
derivatives,  such  as  the  changes  of  pitching  moment  and  lift  with 
angle  of  attack  should  also  be  evaluated  so  that  the  Aefot  lastlc 
stability  of  the  rotor  is  maintained. 

A  c*Jor  difficulty  witn  tip  design  of  current  rotors  is  the 
father  bluff  end  of  the  rotor.  This  Is  thought  to  cause  separa¬ 
tion  of  flow  when  the  tip  la-forward  of  its  maximum  relative 
speed  point,  so  that  the  inflow  vector  has  *  conpenent  t award 
along  the  blade-span.  When  the  Inflow  has  this  component,  then 
the  bluff  end  of  the  rotor  Is-hciding  lr.to  the  flow,  and  irregular 
or  separated  flow  Is  likely  to  result.  To  avoid  this  problem,  a 
combination  of  planfom  and  airfoil  section  that  presents  an  aero¬ 
dynamic  section  to  the  flow  as  the  inflow  vector  changes  would  be 
desirable.  From  an  acoustical  viewpoint,  this  ncAr.s  that  the  LSA 
function  should^also  be  relatively  Invariant  to  the  direction  of 
inflow,  at  least-for  variations  in  Inflow  direction  of-23  degrees 
or  so  from  the  normal  to  the  span.  The  LSA  function  must  now  be 


defin'd  along  the  direction  of  the  Inflow  vector,  not  along  the 
chord  (normal  to  the  span). 

Theforces  and  moments  on  the  outer  regions  of  the  rotor  also 
affect  the  airfoil  section/planform  tradeoff.  The  lift  on  the 
rotor  Increases  as  one  proceeds  outward  toward  the  tip,  falling 
off  rapidly  at  the  tip.  The  distribution  of  llftalong  the  span 
must  be  compatible  with  the  spanwlse  bending  rigidity.  This 
would  not  seem  to  be  a  serious  factor,  however,  in  choosing  the 
planforo  or  airfoil  section  shapes. 

If  the  lift  varies  along  the  3pan,  vortlclty  will  be  shed 
along  the  span  and  the  tip  vortex  will  be  spread  out  In  a  sheet. 
The  amount  of  this  spreading  may  have  some  effect  on  the  shape 
(core  size)  of  the  trailing  vortex  from  the  tip  and  on  the  inter¬ 
action  of  this  vortex  with  a  trailing  rotor  blade.  Such  inter¬ 
action  is  known  to  produce  acoustical  impulses,  termed  "blade 
slap". 


Clearly,  the  research  presented  In  this  paper  does  not  allow 
us  to  draw  detailed  designs  of  rotor  tips  tha*  not  only  produce 
less  sound,  but  are  also  aercdynaalcally  well  behaved,  etc.  There 
is  still  enough  flexibility  in  the  choice  of  in  airfoil  to  allow 
considerable  latitude  In  designing  *or  proper  aerodynamics,  since 
the  allowable  set  -f  planform-alrfoll  section  combinations  that 
meet  the  required  LSA  shape  is  still  quite  large.  We  believe 
that  more  theoretical  research  should  be  carried  out  on  the  simul¬ 
taneous  optimization -for  totn  acoustical  and  aerodynamic  per¬ 
formance.  We  also  Relieve  that  supporting  experimental  studies  — 
both  acoustical  and  aerodynamic  -»  should  be  carried  out  to  clarify 
actual  benefits  of  the  new  designs  and  how  sensitive  the  gains  are 
to  minor  moliflcatlons  lft: the  airfoil  and  flow  parameters. 

Quite  apart  from  the  improved  design  of  rot*-  tips  for  leas 
noise  radiation,  we  believe  that  the  optimization  method  presented 
In  Sec.  Ill  and  the  Appendices  has  a  much  bro?der  application 
potential  to  minimizing  the: noise  f rear rotors  and  prcpcllors. 

Since  analytical  formulations  for  the  sound  radiated  fren  rotating 
airfoils  have  been  developed,  it  should  be  risible  to  minimize 
the  rotational  noise  from  propel lots,  for  example,  by  procedures 
very  similar  to  those  presented  in  thls-paper. 

V.  ACKNOWLEDGEMENT 

The  authors  are  grateful  to  Dr.  Sudhir  Kumar  who  encouraged 
this  research  while  he  was  at  the  U.5.  Aruy  Research  Office/ 

Durham,  and  to  Mr.  warnes  Marray  of  that  office.  Dr.  Robert  Truitt, 
consultant  to  ARO/D  has  also  been  most  helpful  during-the  progress 
of  this  research.  Discussions  with  Hr,- Herbert  Pox  of  BBtf  w»r? 
very  helpful  in  the  early  stages  of  the-work. 

ApPENDU  A.  MATHEMATICAL  MOTIVATION  FOR  THE  FIRST  NOKENT 
CONSTRAINT 

We  show  here  that  minimization  of  lA(k)|f  over  given  bands 
of  k,  subject  only  to  the-eonstraint  of  Eq.  0,  would  lead  to 
Minimising  functions  A(x)  that  are  even  functions  about  the  aid- 
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chord  point  x  •  L/2.  After  changing  the  origin  of  the  abscissa 
to  the  midchord  point  x  •  L/2  by  defining  the  new  coordinate 
y  ■  x-(L/2),  we  express  the  translated  longitudinal  section  area 
function  A*(y)  as  the  sum  of  It*  even  and  odd  parts  A*(y)  and 
A^(y)  respectively: 

A*(y)  *  A(y«£L/2]) 

-  A*(y>  ♦  A*(y>.  (A.l) 

For  the  Fourier  tronaforn  A*(k)  of  AfIy)  «•  hive 

Vm  4  f  At(y)e"lky<Jy  (A.2) 

!»• 

-  A*(k>  -IA*(k)  , 

where 

A* (10  «  |  A*(y)  eoa(kyldy 

A*(fc)  -  |“  Aj(y)  sln(ky)dy  .  (A.3' 

From  Eqs.  A.l  and  A.2  It  follows  that 
» 

|A(M|*  -  lA^CkJI* 

-  U^k))’  ♦  CA*<k)J*  .  (A.*) 

Now i  since  A*(y)  is  on  odj  function,  It  contributes  nothing  to 
the  area  of  A'(y)  which  Is  the  sane  as  the  area  of  A(x);  however, 
the  contribution  of  *J(y)  to  (A(k)|*»  according  to  Eqs.  A.3  and 
A.h,  is  (A^(k)J'.  It  follows  that  the  minimization  of  |A(k)|2 
over  given  bands,  subject  only  to  the  area  constraint  of  Eq.  9» 
would  yield  minimizing  functions  At(y)  that  have  no  odd  part; 
that  Is,  minimizing  functions  A(x)  that  are  symmetric  about  the 
aid *hord  point  x ■»  L/2. 

APPENDIX  3.  METHOD  OF  OPTIMIZATION 

"he  problem  la  xo  minimize  I(A#,A|  as  giver,  by 

Eq.  2 V where  the  admissible  vectors  (A#, A,, ••*,AIJ)  are  sub¬ 
ject  to  the  constraints  given  by  Eqs.  25,  20,  and  31*  Before 
discussing  our  approach  to  thi'»  problem,  It  Is  Instructive  to 
consider  the  problem  with  constraint  A,  Eq.  25  removed.  The 
resulting  problem  Is  a  classical  minimization  problem  that,  In 
principle,  1*  easily  solved  using  Lagrange  multipliers.  The 
solution  Involves  matrix -Inversion  and  the  solution  of  lintar 
algebraic  equations  only.  Ve  wc  id  generally  expect  the  solu¬ 
tion  to  te  unique;  that  Is,  we  would  expect  only  one  vector 
CA##A(,***,Aj.)  to^yleld  a  stationary  value  of  I(A|  ,A,  »•••  ,Aj.) 
subject  the  constialnts  of  Eqs.  28  and  31.  However,  wc  would 
no t  generally  expect  this  solution  vector  tossatlsfy  the  con¬ 
straint  given  by  Eq.  25*  III  fact,  some  elements  of  this  solution 
vector  may  have  negative  values.  A  similar  situation=*xtsts  with 
the  variational problem  that  I*  formulated  by  findings  extremum 
of  the  Integral  in  Eq.  7,  whore  In  this  car#  |A<k) f *  Is  given  by 
Eq.  22,and  where  the  admissible  A(x)  functions  are  subject  to 
the  constraints  of  Eqs.  9- and  10.  In  this  case  we  would  not 
generally1  expeo*  the  minimizing  function  to  satisfy  Eq.  8. 


Our  approach  to  the  minimization  problem  defined  by  Eqs.  2*>, 
25,  29  and  31  has  been  based  on  an  intuitively  appealing  tech¬ 
nique  generally  called  either  the  method  of  gradients  or  the 
method  of  steepest  descent.  In  discussing  our  approach,  It  Is 
convenient  to  consider  any  set  Uf, A, ,•••,*#>  of  LSA  function 
samples  as  a  point  In  a  space  of  fJ+1  dimensions.  Constraint  A 
define?  a  rectangular  region  of  this  space.  The  collection  or 
points  that  satisfies  froth  constraint  3  and  constraint  C  define* 
a  N-l  dimensional  hyperplane  within  this  space.  Thus,  the  ad¬ 
missible  points  are  points  on  this  hyperplane  that  lie  within 
the  closed  rectangular  region  defined  by  constraint  A.  Asso¬ 
ciated  with  each  of  these  admissible  points  is  f  value  of 
I(A»»At,*»*,AM).  The  problem  Is  to  find  the  admissible  point 
CA#,A,,**»,Aj|)  where  I(Ac,At,**» ,A^)  takes  on  Its  minimum 


Our  numerical  solutions  were  obtained  using  an  Iteration 
procedure.  The  procedure  we  used  was  chosen  Instead  of  one  of 
the  rather  sophisticated  gradient  methods  such  as-Davldson's 
method  or  the  method  of  conjugate  gradients  because  of  the  re¬ 
striction  imposed  on  the  admissible  domain  of  I(A#fA, ,**•  ,A..) 
by  constraint- A.  The  approach  described  below  Is  conceptually 
simple  and  allows  the  straightforward  Imposition  of  all  of  the 
constraints. 

Our  numerical  procedure  is  begun  with  an  initial  choice 
l*s0^,A|*^ Aj;0*)  of  LSA  function  samples  that  satisfies  con¬ 
straints  A,  £-and  C.  Hence,  this  starting  point  in  cur  H*1 
dimensional  space  lies  on  the  hyperplane  defined  by  constraints 
B  and  C,  and  it  lies  in  the  interior  of  the  region  defined  by 
constraint  A.  The  computation  begins  with  the  evaluation  and 
storing  of  the  Mfl  values  of  Gn  defined  by  Eq.  23*  !t0,(Aj0), 

the  Initial  value  of  I,  in  then  evaluated  using 
Eq.  2b.  An  Increment  6Aj  In  each  of  A#,  A,,  •••,  AfJ  Is  then 
computed  such  that  the  new  point 

(A*1>,a{,>,**»,aJ1>)  -  .a{0,»«a, ,-•* (B.l> 

also  satisfies  constraints  A,  B  an!  C. 

The  increnent*  <Aj  ,J*0,l,*v  ,N  arc  chosen  to  maximize  the 
rate  of  decrease  of  Z(A9,A|t**»,A^)  by  taking  the  vector 
MAC,4A,  »IAgI  parallel  to  the  negatlveof  the  gradient  of 
X<Ai,Al,***,AH).  Since  we  want  tt*  constrain  the  argument  of 
«lwrt  I111  Is  Ihe  ua  v.lue  or  I, 
to  lie  on  the  hypcrplane  defined  by  constraints  It  and  c» 

X(A#,A| •  ,A.«)  oust  be  regarded  as  a  function  of  only  W-l 
independent  Ay  the  two  remaining  Aj  also  being  regarJed  as 
functions  of  the  M-l  Independent  A^»  where  this  latter  func¬ 
tional  dependence  Is  determined  by  constraints  B  and  C, 

Eqe.  28  and  31*-  must  adhere-to  this  rule  in  forming  the 
gradient  of  I(A, ,A, ,*•* ,4^).  Let  us  designate  the  tw»  dependent 
Aj  by  A3  and  Afl.  Then  A*  and  Afl  can  be  explicitly  expressed  as 
functions  of  the  M-l  Independent  Aj  by  solving  Eqs.  28  and  31 
for  A.,  and  An  using  Cramer's  rule.  The  result  Is 


<2 


SINTHISIS  Of  HEUCONTtt  KOTO*  I  IK  fO*  LESS  NOISE 


1 

“  (n-oT 

l  41(0) 

1 

f(B4.Y)K,-M, 

(m-nT 

l  4i(0) 

-  -  I  (n-J)A, 
JNo.n  •>] 


(8.2} 

(B.3) 


where  designates  the  set  of  all  Integers  0<J<N  except  J-n 

ar.d  J*n.  Continuing  to  consider  AR  and  An  as  functions  of  the 
f.-i  Independent  Aj,  we  can  now  find  *I/3Ak  by  differentiating 

£q.  2U: 


.  2  0  AX.  -  A_  -  |=j;  A  ) 
ja,,  •  k  n**  s  n-n  r< 


*  Al(4l.J,k"  "-=  n-n  *MJ  .n’ 

♦  AS*ji4I.k-  £=  4l,h-  l^n  4l,n>j  •  “  *  a*n 


(a. a) 


ihere  4,  j  denotes  Kreneckcr's  delta,  and  where  In  carrying  out 


the  above  differentiation,  we  repaired  *he  partial  derivatives 

y.  ,  k  p  n.n  (8.5) 


JA. 

nr 


( r.-k  1 
l  n-n) 


,An  . 

nr  ■ 


which  were  obtained  by  differentiating  Eqs.  8.2  and  8.3.  Proa 
the  definition  of  the  gradient,  the  Increments  4Aj(J  p  n.n) 
are  thus  given  by 


4Aj  »  -h  jj-  ,  J  f  n,n 


(B.6) 


where  U  la  a  constant  Independent  of  J  that  deterslnes  the  step 


rice,  anJ  where  JI/3Aj  Is  deterolned  for  all  d<J<;i  except  J  •  e,n 


by  evaluating  the  right-hand  side  of  Kq.  B.d  using  the  initial 

,.(J>  .(O)  ...  .(0),  ,  ... 

ret  »«,  "j  3* 


Frca  the  lr.vrcmenta  4Aj  determined  by  Eq.  .£,  the  new  set 


cf  a,'?  is  then  evaluated  for  all  0<J<!1  except  4  *  °»n: 

A]l>  -  A^0>  ♦  4Aj,  4  t  a,n  .  iC.7) 


tt  Is  fusible  that  one  or  more  of  these  values  of  Aj1*  will  fall 
tutsSa*  »Sw  -f.tervala  deflr.ei-ty  constraint  A.  Hence,  at  this 
4*nnurc,  each  of  these  values  of  aJ1*,  j  *  o,n  Is  tested  to 
Ins.s'-e  that  It  satisfies  constraint  A.  Any  value  that  crossed 


either  of  the  boundaries,  a^  or  bj ,  Is  set  equal  to  the  value 


of  the  b.jruary  that  was  crossed. 


’vein*  £qr.  ft.*  and  b.3,  a£IJ  and  A*11  then  evaluated 


j'trzn  the  h-1  values  jf  AjIJ  determined  by  Eq.  B.7.  There  values 
>f  A^*'  and  A*1*  are  then  tested  to  Insure  that  they  do  not  vio¬ 
late  constraint  A.  IT  either  violates  constraint  A,  a  smaller 
value  T  h  Infcq.  ft.S  Is  chosen,  and  the  procedure  from  Eq.B.6 
Is  repeated.  The  method  explained  In  Appendix  C  for  choosing 
ti*  value*  of  a  and  n  insures  that  the  computed  values  A5 


an 4  a  will  seldom  violate  constraint  A  when  reasonable  values 

^  mi  Ml 

if  h  a-e  used.  The  above  procedure  for  determining  (Aj  *•••* 


guarantees  that  this  new  point  will  satisfy  constraints  A, 
b  ar.i  C. 


;•  -.Ms  stage,  tnc  value  of  I,,5!a51,,aP,,>”.A.<|uJ  la  cam- 


islr.g  Eq.  J*.  It  is  then  cospared  with  the  value  of 


43 


I(0>(aJ0>.aJ°\...,A^).  Unless  h  was  taken  too  large,  1 


(1) 


will  be  less  than  I*0J.  If  I*1*  is  greater  than  I*0-’  a  smaller 


value  for  h  is  chosen,  and  the  operations  beginning  with  Eq.  B.6 
are  repeated.  If  is  less  than  (A^\aP^»***»A^  h 

becomes  the  new  starting  point,  and  the  operations  beginning 
with  the  evaluation  of  Eq.  B.U  *r  repeated. 

Eventually,  for  some  value  of  1,  .  ***^(A$*  ^|i{*  ^••••# 
A^lf1^)  will  be  greater  than  I^tA^* ,**•  *’hcn 

this  occurs,  the  admissible  point  iA#,At  »*••  ,A^J ,  where 
I(A#,A, ,•••  »Ajj)  tokes  on  Its  minimum  value,  has  been  overshot. 
Hence j  at  this  stage,  h  Is  given  a  smaller  value  and  the  com¬ 
putation  is  returned  to  the  operations  beginning  with  Eq.  ft.C. 
Using  this  smaller  value  of  h,  we  again  continue  to  march  toward 
the  admissible  point  where  1  takes  on  Sts  minimum  value,  always 
going  In  the  most  downhill  direction  on  the  admissible  hyper- 
plar.e  defined  by  constraints  B  and  C,  and  always  staying  within 
the  admissible  region  defined  by  constraint  A.  Vhen  It  Is  ob¬ 
served  that,  for  some  larger  1,  again  exceeds  then 

the  value  for  h  is  further  reduced,  and  computation  Is  again 
returned  to  the  operations  bcglnnlngrwlth  Eq.  B.6.  This  process 
Is  terminated  when  negligibly  small  step  sires  lead^to  an  In¬ 
crease  In  I(Ag,A|  ,•••  »Ajj) •  In  our  numerical  calculations,  we 
automatically  terminated  the  above  process  when  changes  in  A j , 
with  magnitudes  iw  larger  than  (1/1000)  of  the  largest  value  of 
Aj,  led  to  an  increase  In  the  value  of  I(A,,A| ,***,AM>. 

Because  evaluation  of  the  function  I  and  Its  gradient  In¬ 
volves  or.  ly  computation  of  quadratic  forms  In  the  A^*s,  each 
"downhill  step"  took  relatively  little  computer  time.  Thus  the 
comparatively  slew  convergence  (.typically,  on  the  order  of  IOC 
steps  were  required)  was  not  costly.  In  fact,  more -processor 
Liar*  was  required  forth*  evaluation  of  the  coefficients  3^ 
through  the  Integrals  of  Eq.  23  than  was  needed  for  the  entire 
gradient  descent. 


APPENbU  C.  METHOD  USED  FOR  DETERMINING  9  AND  n 


At  any  giver-  stage  of  the  Iteration  procedure  described  In 

.CD 


Appendix  ft,  the  use  of  Eq?.  B.2  and  B.3  to  evaluate  A^‘  and 
A***  free  the  remaining  Ajt]>'3  guaranteed  that  the  set  of  «{***?, 
j  ■  0,X, •••,?:  would  satisfy  constraints  ft  and  C.  At  each  stage 
of  Iteration,  n  and  n  were  chosen  sv  that  the  values  of  An  and 
An,  computed  from  Eq*.  B.?  and  ft. 3,  were  very  unlikely  u  violate 
constraint  A  when  reasonably  small  values  for  r»  were  used.  This 
was  accomplished  by  chsosing  a  to  be  the  Index  J  of  the  hi* A  func¬ 
tion  cample  of  the  prior  Iteration  that  had  the  largest  minimum 
distance  from  fhc  bounds  fij  and  bj  In  the  first  rnc-th!rd  of  the 
Interval  3<4*H,  nnd-by  choosing  n  In  a  similar  rashlen  froa  t?.e 
Indices  J  In  the  last  one-* bird  or  the  Interval  That  Is, 

*5  determine  n  at  n  given  stage  of  ' the  Herat  Ion, -we  found  the 


n.ixlsur.  ovrr  !  if  Hw  :-HIcr  of  or  (Bj-dJ1"' ’)  no  J 


*.10  y.iplcl  6» cr  Ihc  toteecrs  The  rpou’.Un,T  viluc 

of  j-.was  eh^sen  for  m.  Tlrf  .’W  detemlnall-  n  .%ver_the  Integers 


a 
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C(2N*2)/3J<J<H  yielded  th*  velue  J  •  n»  chose  a  from  the 
first  one-tfcir<i  end  n  from  the  last  one-third  of  0<J^N  to  in*ur/» 
that  the  a**nitudes  of  the  d«roniu*tor*  n-o  and  a-n  in  Eqs.  fi.2 
and  B.3  were  reasonably  lar£e.  By  choosing  a  and  n  In  the  above 
sanr.er,  it  was  assured  that  the  r.agnituies  of  the  increoents 
4Affl  •  and  4An  •  (A«‘>-A«-»,  ecu  Id  fee  relatively 

large  without  the  r.rw  values  sj,1*  »nd  A*1'  violating  constraint  A. 
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Figure  1.  One-third  octave  band  spectra  for  thickness  ar.d  lift 
radiation.  (See  teat  for  parameters.) 

2.  One-third  octave  band  spectra  for  thickness  and  lift 
radiation  Including  high-frequency  vortex  shedding. 
(Esc  teat  for  parameters.) 


3.  Optimum  LSA  functions  and  their  radiated  one-third 
octava  band  spectra  (aolld  curvaa)  for  chord  lengths 
L  ranging  from  1.5  to  4.0  ft.  Radiation  la  minimized 
above  700  Ha.  Upper  and  lower  bounds  (dashed  curves) 
on  allowable  LSA  functions  are  0.5  and  1.5  times 
NACA  0012  airfoil  of  uniform  spanwlse  thickness. 

Dashed  spectra  are  thoee  of  NACA  0012  elrfolle  of 
aaae  chord  length,  aectlonel  area,  and  center  of 
gravity  at  optimum  LSA  functions. 

4.  Optimum  LSA  functions  and  their  radiated  one-third 
octave  bend  spectra  (solid  curve*)  for  3.0  ft  chord 
lengths.  Radiation  It  minimised  above  700  Hz.  Lower 
bound  on  allowable  LSA  functions  Is  0.75,  0.5  and 
0.25  times  NACA  0012  airfoil  of  uniform  spanwlse 
thickness.  Upper  bound  It  1.5  times  NACA  0012  airfoil 
for  all  cases.  Dashed  curves  have  same  meaning  as  In 
Fig.  3. 

5.  Optimum  LSA  function  and  Its' radiated  spectrum  (solid 
curves)  where  radiation  was  minimized  between  700  and 
2800  Ha.  Chord  length  lr.  3.0  ft.  Dashed  curves  have 
same  meaning  aa  In  Fig.  3. 

6.  Diagram  or  rotor  blade  tip  showing  how  area  function 
A(z)  la  derived. 


SOME  ASPECTS  0 F  HELICOPTER  flOISE  THE  CRT 
Jfcrt  I  Acoustic  Radiation  from  i  Him  Surface  with  Application  to  potvs» 
by  Gregory  F.  Homiez 


Abstract 


A  formal is n  is  developed  for  predicting  acoustic  radiation  froa 
a  plane  surface  that  exerts  a  fluctuating  load  upon  the  surrounding  fluid* 
The  development  assunes  the  pressure  field  on  the  surface  to  be  random  and 
stochastic;  It  may  be  both  ndt>- stationary  and  inhomogeneous.  The  result  is 
an  expression  for  the  acoustic  po^jr  spectrum  in  terms  of  an  int>gral  over 
the  disturbance  region  of  the  generalized  four- dimensional  Fourier  spectrun 
of  the  forces.  It  is  capatle  of  predicts  discrete- frequency  as  veil  as 
broad-bar.d  spectre'..  A  feu  illustrative  exacples  pertaining  to  rotors  ore 
presented;  the  rcarolts  agree  with  those  cases  that  have  been  treated 
previously.  The  treatment  is  bein,-  extended  to  the  broad-band  noise 
cnanatlng  from  a  rotor  in  turbulent  air. 


I.  Introduction 

The  classic  probler.  In  rotor  noise  theory  vas  analysed  by  Cut^n<,, 

In  ly#.  Ke  modeled  the  blades  at  B  point  forces  rotating  at  constant 
angular  velocity  with  no  variation  In  their  magnitudes  and  obtained  a  discrete 
spectrun  at  multiples  of  the  blade-passage  frequency  Bit. .  Loirson  and 


tt,«  ct) 

CLlcrivvJ  ,  ftsvoll  as  ’..’right  ,  have  extended  this  to  the  case 


where  the  force  varies  sinusoidally  In  the  azimuth  angle.  The  spectrun 


is  still  discrete,  though  lows  on  e*.  al.  briefly  discuss  the  extension  to 


randor.  leads,  and  hence  broed-bend  acoustic  spectra,  fharland  elves 
r/idence  that  free- strevt  turbulence  can  be  a  significant  factor  in  such 
loadings.  Ke  estimates  the  total  radiated  acoustic  energy  froa  a  fan  rctor 
under  such  clrcurttenccs;  however,  his  restlt  leans  rather  heavily  on 
empirical  estimates  of  the  correlation  areas  and  is  useful  primarily  in 
cstiaaling  orders  of  magnitude  or  in  interpreting  data.  Ffcorcs  L'llllans 
U) 


and  Ihvklngs  calcrete  the  radiation  froa  a  rotating  point  force  with 
rahdoo  loading  in  terns  of  the  load  spectra  as  acasurcd  moving  with  the 
dipole,  ;br%r  and  Tanna^^ consider  the  sane  problem  and  obtain  the  acoustic 
spectrun  as  a  power  series  ir.  A/f  •  Both  leave  open  the  question 
of  how  the  load  spectrun  night  be  related  to  the  turbulence  characteristics. 
iferfey**1  and  rev Jjc*1* handle  this  by  modeling  the  blades  as  on  infinite 
cascade  and  then  using  tvo- dimensional  Lnconpreasiblo  airfoil  theory;  this  is 
abetter  approximation  for  c«e?prescors  and  fans  than  for  helicopter  rot  ore. 
Both  elco  assvne  the  blade  chords  to  be  acoustically  compact,  l a  blade 
bee  sees  a  line  of  dipoles.  In  many  practical  applications,  particularly 
at  higher  frequencies,  and  higher  subsonic  J*ch  numbers,  the  above  assumption* 
are  dllfieult  to  Justify  a  priori. 

It  is  hopvd  that  the  present  treataent  wlllipolnt  the.  way  ttward 
relaxing  soee  of  these  approximations.  A  gro-^vhwh  is  presented  for  the 
prediction  of  broad-band  as  well  as  discrete- frequency  noise  radiated  frra 
n  surface  distribution  of  dipoles  in  an  otherwise  unbonnded  fluid;  it  is 
directly  applicable  to  calculation  of  the  acoustic  signatures  of  rotors 


*  This  reseirch  vat  supported  under  contract  sf/JiCCJ.  70  C  G057I  it  vas 
carried  out  under  the  supervision  of  nrofestor  A.  *.  Ceorge,  whose 
Invaluable  guidance  ir  gratefully  acknowledged. 
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encountering  atmospheric  turbulence.  The  acoustics  equations  themselves 
are  linear,  and  linearized  aerodynamic  theory  will  be  used  to  obtain  the 
lift  response.  Hence  the  overall  problea  can  be  viewed  as  that  of 
determining  the  statistical  response  characteristics  of  a  linear  system 
subjected  to  a  random  input. 

The  system  may  be  conveniently  divided  into  two  sub- ays  tens:  The 
first  determines  the  lift  response  of  a  fixed  point  in  the  rotor  to  a  given 
pattern  of  turbulence,  and  the  second  determines  the  radiated  sound  froa 
the  lift  response.  The  lift  response  is  chart'  terlzed  by  an  impulse- 
rexpoase  function,  or  equivalently  by  an  aerodynamic  transfer  function. 

Vc  will  neglect  the  effects  of  drag  and  centrifugal  forces,  as  veil  as  those 
of  turbulent  velocity  eoepohents  in  the  rotor  plane.  Assuming  the  appropriate 
transfer  functions  are  known,  these  could  be  easily  included.  The  second 
sub-systca,  using  the  above  response  as  input,  transform  it  into  the 
resultant  noise  spectra  at  the  observer's  position.  This  is  achieved 


through  the  far- field  solution  of  the  inhomogeneous  acoustic  wave  equation 

.0# 


as  formulated  by  Llghthill  •  Tic  present  discussion  concerns  primarily 
the  latter  analysis,  and  its  results  are  generally  applicable  to  a  such 
broader  clast  of  problems  than  that  of  rotating  forces; : it  Is  easily  extended 
to  surface  distributions  of  other  acoustic  singularities,  such  as  monopoles 
or  quadruples.  A  few  elementary  cxanples  pertinent  to  lifting  rotors  are 
presented;  the  results  agree  with  those  of  other  authors  In  those  cases 
previously  Investigated.  A  prellnlnory  discussion  of  the  analysis  of  the 
lift  response  is  then  given. 

II.  Solution  of  Acoustic  ifave  Equation 

The  equation  describing  the  gfreratlon  of  traveling  waves  by 


a  distribution  of  acoustic  dipoles  is 


Oo) 


if. 

Vi* 


-  »5 


0) 


where  P  represents  force/voluae.  The  far- field  solution  can  be  expressed 


(2) 


Equation  (2)  ii  vftiid  under  th*  following  conditions: 


(A) 

(*) 


k/i  »-/ 

A 

Assumption  (!>)  is  a  statement  that  the  disturbance  region  appears  geometrically 

> Q*C 


correct  to  the  observer.  Using  the  iccntropic  relation,  •*  G*^> 
and  our  supposition  tb“t  F  »  L  ft %  (see  Fig.  1),  we  get 


f  “  rh.  5  [ir] 


(3) 


in  our  case,  not  only  does  (B)  hold,  but=to  lowest  order  theiforces 
all  lie  in  the  plane  «  O  ,  Hence  v t  can  substitute  L 


resulting  in  the  surface  Integral  fom 


■f-  rk  ^  5  [#]  d'D 


where  It  Is  understood  that 


now  lies  in  the  horizontal  plane. 


4 


s 
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Okiarvcr 


/  * 


(9) 

It  it  convenient  to  denote  tht  geometric  coefficient  preceding  the  Integral 
by  the  symbol  G  •  We  alto  Introduce  the  average  ti>d  relative  position 
vactort#  ^  and  ?  ,  defined  by  (tee  pig,  2) 


7  “ 


«  - 


Fig .  I.  Rotor  geometry  and  coordinate  systems. 

Since  our  problem  Is  randoa,  ve  ca.mot  get  an  expression  for 
as  a  deterministic  function,  but  ve  can  work  vith  an  acoustic  intensity 
averted  over  a  hypothetical  er.cesbic  of  realisations,  consider  the  quantity 

vherc  the  *rcuoent  j  is  an  ensemble  paraaeter  whose  different  integer 
values  l,  2,...  fV  refer  to  different  realizations  of  the  same  experiment. 
IVjrfoming  a  statistical  average  over  all  realisations,  ve  obtain 

s  r-  c 755) 

and  hence  the  crsesble- averaged  instantaneous  intensity  as 


Pig.  2.  coordinate  transformations. 

It  Is  easily  verified  that  the  Jacobian  of  this  transformation  Is  l#  and 
h.nc.  4'yd'i  — -  ot*^  dU  directly. 

Hew  consider  the  tom  Ix-y  I / a,  occurring  In  the 

tint  reUrded  ti*».  fro.  ft,.  ?  we  «ee  thot 


=•_.  .. 


Kau  consider  the  Fourier  trsnef-m  of  Rrr  (X,  ttr)/ j>,  a. 
with  respect  to  T  ,  and  its  inverse: 


J  f* tt* 


r)  -Uitfr 
-  e  <£r 


X-  j  -  X-  7  f-  C/JL 

IX-yl  -  [If-?/*  t  Z-rsr.f)  e  IflVv]  U 

'*-?  *  •*'*'{ '  r  -VlT#-  ' 


rI*JL2l  x  f  5(«'>r,f)c'ti,rfTclf 


l *-yt  ~  l*-?!  +  *■■"/*.  t-  o(^i“") 


Substituting  from  (7b)  into  (6)  ve  find: 


Jff.t) 


a* 

5 


and  hence  S  is  the  spectral  decoc^osUIcn  of  *7  ;  It  represents  the 

acoustic  energy- radiated  within  the. frequency  interval  f  to 

f  f  </f . 

Substituting  for  yy(x  ft  J  j)  fra  (b)  into  (5)  yields 


n  *‘f.  a}  Si¬ 


ft  beta*  the  unit  vector  eioo*  X  -  *j 


Ix-il  *  l«-?l  -  €•«/.;  t  O  ( i^*«) 


Thus  (9)  becomes 


•»  _ 


L-.  ,2:<3£^ 
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f**«  the  Courier  tranereea 


•rttti  r*«net  to  T 


«v,«.  o  j>»v  \\  iFan  -7 


^*1 


•M  djfin# 


f«*  s  t  •  a. 

*  m  r  *  t-H/a. ,  jr- 

Min*  the  avauge  retorted  ttae  between  J  w  |  , 

.  (f  ft  inf 

Js  Jje  ®.  x 


r,  f>  -  g 


Tf  ^'<A*  5I  f-n  *  M)  J*7  J‘< 

TJ.0  arguaente  appearing  i„  .he  correl,tlOT  , 


(12) 


alloying  u*  to  write 


1  now  appear  in  ijoueirlc  Tom, 


mm  m 

Sw.t.f)  -  G  f^jdse'**’74  ja‘t  e'u‘‘f  Vr 

--  «* 

*,*«*,*) 

1*  easily  shovn  that  replacement  of  »1  by  a.  it  the  exponent 
mulr«  «  a./f  ,  „ 


03) 


A  lal"« 


«  / 


Wild!  1<  called  tht  Fraunhofer  or  diffraction 
l«*t  tvo  integrations. 


(c) 

J«w«ter.  Carrying  out  the 


S^.t.f)  -  g  [<r7  p..  (7t.f  f) 


M 


there  Pjj  (  J  ,  *  ,  ,  f  )  i,  the  «ener«JUe4  four-Utaen«ioMl 

rourler  transform  of  Rj.  uitt  rerpeet  t,  €  ^  ,  ,  hot  butted  « 

sf  f  a 

***""«,  *  ****  th4‘  ***  *pp*ara*c*  of  the  tpatitl 

transfers  trfth  this  argwent  Is  0  result  of  having  ret. toed  dlrferencee 
in  retkrded  tines  in  (n):  tht  decomposition  of  tht  lift  distribution  Into 
Its  Fourier  components  In  «r*ee  -otld  bt  unnecessary  hi  y,  .rrmrt  „ 
woustlejUv  conpwt  source  region,  there  Is  .  *1*1.  physical  interpretation 
of  *hy  the  tvo.dlaenslor.il  spatial  loid  spectru.  Bust  bt  mUusted  In 
tern*  of  0  three-dIner.slor.ol  wove  vector.  It  Is  eesUy  seen  thot  the 
spttlU  trwsform  of  o  slncle>v.*tlen«th  tvo-dlaensiowl  sinusoid  (see  Fig.  3) 
',)];(*,)  S(«,)  .  w,  hive  singled 


Ois*ry«r 


Hg.  3.  Constructive  interference  *t  frequency  f 

out  » «*nltud,(  f/a.  ,  and  direction,  n.  ,  r„r  A  ,  „d 
*****  *  “  "y^  ter—  .Co  the  above  requires  that 

ki  “  ±  a,  $  <*.  \t  =  ±.  A/e<w  <p 

1  •**'  Jtttt  “  ln  *  diffraction  gicttn,;,  the  Intensity  at  frequency 
at  an  tlevntlon  angle  0  depends  onj*  on  those  sources  osclllatlnc  with 
flrstMney  f  and  distributed  spatially  with  the  vavelength  A, 
tlvtn  above.  Crty  then  do  the  si**,,  eonstructlvely  Interfere,  1  is 
•Mlly  iftfl  ft-OBi  the  gcoactry  of  Mg.  3, 

WhUt  (lb)  provides  mere  detailed  inform! Ion  thw  (IIJ,  y»  «md  lu.„ 
to  *et  the  Integral  In  terns  or  P„  ,  tlMt  J 

a va liable  than  /  .  To  this  end  ve  quote  a  useful  result  fren  stoehsstlc- 

proeess  theory,  vhich  expresses  Rjj  ln  tcrns  ot  o 


nu 


OH 


*£<*•  ,tJ  - 


uhere  here  t,  and  t,  are  both  absolute  value;  or  tlae.  incur 
hoUtion, 

t  =  —{  ^  y  **  t^-t, 

and  the  chain  rule  for  differentiation  easily  transfoms  the  above  t. 


05) 


ir^Z"  -  i!*// 

**  )t‘  jri 


vhleh  ve  use  ln 


(16) 


m 

Pii  *  Cf , 

**  J)  nti e  cLrd'f 

«• 

in  the  first  tens,  nay  be  brought  outside  the  integrals,  and  the 

aecond  tens  any  be  Integrated  by  parts  tvlce  to  yield 


1? 

J 


f 

<T 
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Pii  ‘ 


{*&  *  «*f>\ ]pu 

to  '.hat  (1U)  becomes 

S( g,t,f)  -  G  (Sr  5T-  *  *7rlfx)  X 

«• 

5  Pn  <7,  ~  £*.,  l' 


07) 

\ 


(18) 


If  the  integrand  vat  only  veakly  non-statiooary,  the 
tens  could  be  negligible  in  comparison  with  the  f  *  tern  in  a  particular 
application.  In  any  cate#  in  most  acouttical  application*  and  measurements, 
the  physical  quantity  of  intereat  it  the  tine-averaged  p <ver  spectral 
density  t 

S'* 

<S(?,f)>  =  -£j  S  (S,t,f)it 

-T<1 

Under  such  an  avcraglnc  process,  the  tint  tera  En  (10)  contributes  nothin*, 


<#■>  -  tip  " 


<S&>  -  tl  +  -  • 

pi  ovided  only  that  is  finite  #t  :£  «o  . 

Thus  the  acoustic  analysis  reduces  to  its  final  fora  in  terns  of 
tine-averaged  quantities: 

«A 

x  *  <JV*j>  »  j  <s  f*.  n> 


09) 


'  -M 


(20) 

Equation  (00)  is  th?  aain  result  of  this  section.  It  as  Junes  only 
that  the  disturbance  region  Is  planar  and  t!mt 

k A  »  /  }  1jLa,/a  «  /  ;  ft  ljl»ee/ A  «/ 

Either  broad-band  or  discrete- frequency  spectra  can  be  handled,  and  no 
sUvlification  for  the  case  of  rotors  has  yet  been  made.  Since  the  nanipula- 
tioai  involved  are  concerned  prlaarlly  with  the  argument s  of  the  disturbance 
functions,  rather  than  their  physical  significance,  results  analogous  to 
(20)  for  acoustic  aonopolcs  and  quadruples  are  easily  derived. 

We  note  that  the  calculations  in  (?0)  are  all  performed  in  space- 
fixed  coordinates;  this  can  be  a  Mg  advantage  in  calculating  noise  free 
rote rs  in  turbulence,  since  it  it  in  such  a  coordinate  frame  that  turbulent 
velocity  correlations  and  spectra  are  most  easily  specified.  Host 
investigations  have  asswed  that  the  spectrum  of  lift  fluctuations  as 
seen  by  the  aoving  blade  Is  kiwwn,  which  Is  usually  true  only  If  such 
mesmiransnts  have  been  made. 


(fa  |  f  can  be  determined  theoretically. 

The  next  aection  gives  a  few  elementary  exaaqO.es  in  which 
is  prescribed  a  priori,  to  demonstrate  the  application  of  (20). 


III.  Ptasplea  of  Acoustic  Analysis 

In  this  section  three  examples  of  the  application  of  (20)  to  liftij* 
rotors  are  given.  The  first  two  involve  discrete  spectra;  the  last  is 
broad-hand.  They  all  involve  a  point  dipole  rotating  in  a  circle  and 
experiencing  fluctuations  of  the  forms 

Cass  A:  com  (cf.  <hitind*  ,  Lovson  and  aUerhead***,  Wright tfi  ) 

Case  S:  f*,  new 

Cass  C:  "white  noise"  (cf.  Pfowcs  Villi  sms  and  Hawkins  U)  ) 

In  Cass  C,  the  result  has  been  extended  to  any  planer  motion. 

Case  A:  consider  B  point  lift  forces  rotating  at  aiyular  frequency  JX 
about  the  origin,  with  their  magnitude  varying  as  cm-*  ^  8  ,  Y 

being  a  positive  integer  or  zero  (see  Fig.  1).  By  inspection, 

)  -  L,(er*r»  iJLs^-  -  arr/?.At) 

t-o  * 


jf  s  (R-R.\  5^  S(6  -  igf  -  Jnrjri.t) 


(21) 


where  we  heve  used 


ff(x)  Jx  -  (  fj£)  i(e-*.1dx 

rv«n  thodfh  this  Is  »  dttsmlnistlc  problan,  It  Is  still  vmlid  to  creak  It. 
term  of  correlation*  sod  spectra,  tf  one  keeps  In  Bind  thst  f">  -  {  ) 
and  hence  all  realisations  by  definition  coincide  with  the  wan  value,  i> 

fora 

ffjff  -  "fii  l(R-R,)  S (ix)  co.  t  (b-  *a<i)  c^.  t(o  e  £»,’a)  X 

aj  *•» 

^  ^  "  *•/*  -  8J®  -  arr^N'%)) 


-  5*  «*-*.)  J(«e  Ut  *  rev  ay.)  i  (•-  iwjLt) 

Z  {«,-  H-'-ikAr) 


(?2) 

We  can  perform  the  time  average  ismediately.  since  dependence  on  t  Is 
periedlc’with  a  fundamental  frequency  of  6JL  ,  ve  average  over  the 
interval  O  to  ,  idiich  picks  up  one  "pulse"  from  the  sum  over  /  • 

The  result  is 


“  8i\  [«—  t (*■•*.)  * 

I  i((,  -  -  avA-r) 

»n»# 


(23) 


Section  IV will  give  t  brief  introduction  as  to  h<nr 
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nm  (oo), 


<S>  -  Vn-lflG  f<*re"u"fr  * 

•  i  Jm 

J"“.  ’•*•  *  <«„> 

*  (A) 

■*1i*  integrations  over  fK  and  £*  are  easily  perforaed  due  to  the 
presence  of  the  i  factions.  faking  use  of  the  geometry  in  rigs*  1  and 
*»  end  t  little  nanipulation  in  the  exponent  gives 
~  JM 

<CS>  -  J <ie  j  Jc,  (t<w  a* f. 


^  -  air  at) 

•  O 

(25) 


•  r**V» 

<s>=  ^ (v  W*) <5 jW e- ‘ irrf r jrf. J_  {^y(ip>  t  «••*») 

>«•  o 

r-c^ay®]  *p) 

(06) 


Integration  over  0  of  the  first  tern  yields  a  zercth-ordcr  Bessel 
function;  the  change  of  variable  X  m  6-  p  t  is  useful  in  the 

second  tero#  which  elves,  after  some  manipulation,  another  Bessel  function: 


xig.  *».  Polar  coordinates  for  rotating  point  forces. 

|  <S)  -  jtf*yf,M*^reiwrfr  x 

|  —  «• 

\  £  [•**(*¥  t  Air.ar)  J  r  c».  i/fl 

S  '“**  L  r  J  (=7) 

|  The  argiatnt  of  the  Bessel  functions  is 
S  Vw-Rt  ^  fiTAT  e  >r*v*/d): 

j  The  factor  In  curly  brackets  Is  periodic;  hence  we  expect  a  discrete 
|  jpcctrw,  |.e.f  i  functions.  To  this  end,  after  nuch  algebra,  we  can 

i 


Manipulate,  both  terms  into  integrals  of  the  fora 


T„tU)  *!(/>-!)]  j 

Also  needed  are 


(73) 


T/i)  » 


(75) 


Li.tr 


~yj 


If  yU  m  Ot  ±>  tf  *.  A  f  .  .  , 
otherwise 


(30) 


The  final  result  is 


<s«.'»  •  i.  f'(K 


-/  r  J'nBt-r 


t  Tna-.y  i(f 

(30 

The  argunent  of  all  the  Bessel  functions  is 

Arr*  £  4>  •»  xrrR^k  c+m.  $  »  rtQM  c++  4* 

The  above  result  Is  In  agreeaent  with  those  obtained  by  Lawton  and 
OUerhead^and  by  WrJght^ The  former  have  defined  0  m  o  *5  the 
observer's  atimth;  hence  our  results  differ  by  the  phase  angle  p  . 

For  t m  O  ,  (?l)  reduces  to 


<5(?,f)> 


S*  ft 


S  (f  -nBsi) 


(3?) 

which  agrees  with  Cutin's  analysls^of  a  constant  point  force  rotating  In 
a  circle. 

A  computer  proems  was  used  to  evaluate  (31 )  for  rotsticn.il  ;5ish 
number c  of  0.5  and  0.9#  fo r  ^  »  1  and  10.  The  observer's  position 

vas  taken  as  4>  "SO*  and  jS  ■  **5*.  results  arc  presented  in 

Fig.  5*  and  :5b  in  the  forn  of  the  dinensionlccs  pwtr»  ^^V  **■ 
versus  A  ,  the  harmonic  of  the  blade-passage  freiuency.  The  spectra 


i 
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4S^($r<s> 


s> 


tend  to  pert  near  the  lover  harmonics  with  the  pert  broadening  at  M 
increases.  Increasing  Y  tends  to  shift  the  spectrum  to  the  right, 
as  one  would  expect  due  to  the  faster  fluctuations  of  the  dipoles. 
case  B;  Any  spatially  fixed-two^dinenslcnal  upvash  pattern  that  la j frozen 
in  tlae  can  be  represented  as  a  Fourier  superposition  of  waves  of  the  fora 
j  {5'J  ar.d  tee  ^  •  In  principle,  the  resultant =lift 

response  can  then  be  modeled  in  the  tame  Banner,  thus,  the  acoustic 
response  to  such  a  fundamental  node  would  be  useful  at  a  building  block 
in  situations  in  which  a  decomposition  into  azimuthal  nodes  as  discussed 
in  cast  A  Is  inconvenient. 

Consider  B  point  lift  forces  routine  at  angular  frequency  11 
about  the  origin,  with  their  magnitudes  varying  at  ^  *,  ,  where  ^ 

it  any  real  number  (see  Fig.  6).  Hence,  rather  than  each  dipole 
oscillating  at  constant  frequency,  as  In  the  previous  example,  at  any  Instant 
its  variation  now  depends  on  whether  It  is  moving  along  or  perpendicular  to 
the  X,  direction.  >y  Inspection, 

ilK, «,  t)  •  {(K-K,)  Z  S(»~ 

\  4  /•» 

(33) 

rondo*  K/f  ,  tM  it*.'- Inc  *.  "  S,  »«  •  yl»M« 
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“  7t?  {f*.  i**(4- ,  f«)J  x 

J%  £/(•*  Sr-  ^-^(t-^))  !(•><>’  -  -  LirAffh^lj 


<s>-  ^ElOo  Jjre-w-fr  J"  £  x 

-'«•  o  *n » • 

(*1*‘  ~  e  ■*i-‘  (  *<?  •■  wl)  -  to.  (^  «*,  ©  W«(  t-J  ,  „AT))J  X 

e»i-V  *U~  (l3-o)  ^(VJ tT  TCjS) 


(37) 

6y  writing  the  cosine*  n 5  complex  exponentials  and  several  chanr.es 
of  variable#  one  can  show  that  the  integral  over  ©  results  In  four 
terns;  all  involve  #  but  each  with  a  different  arguaent.  TVe  of 

these  terns  can  be  Integrated  with  respect  to  T  using  (?8).  The  other 
two  con  be  aanipulntcd  Into  a  for*  in  which  the  following  expansion  by 
SonineW,is  useful: 

j".  [l*‘*  C'-  1AC  i~x]  = 

J,  (A)J,(C)  t  a.t  j  (A)  T  (c)  co«  /x 

m 

Identities  (P?)  and  (30)  ore  also  required#  end  the  final  result  is 


<S(J,f)>  = 

>  '  Bp.  a}  a." 


t  r  f  Ji  <« 

*1  »  I  l 


J«fO 


b.  Side  View 


Fig.  6.  Ho  tat  In,:  point  dipole  fluctuating  sinusoidally  In  X,  . 


•  a  nfl  V  J„a  (a)  J,a  to]  S(f-nBJl) 


The  dependence  on  ©  and  <rA  can  be  separated  using  standard  trig0- 
noactric  identities,  and  the  tlae  average  yields  a  factor  ^/l7f  Just 
as  in  Case  A.  hence# 


<H/i>  i  (*-*.)  Hi.)  (ntR.^,s^  if 

-  contain,  i«9w»M  i(lt-  ij£2  -  jitat) 


Iron  (JO) 


(35) 


<SC*.f)>  -  G  (iirxfl)  ^  RdR  [  d©  [jLre'l'nfr  * 

•  • 

(  ,  f  .  ♦  i  a  it  -r  •  ? 

J«JE.)^e  ••  <r//> 

(y.) 

flit  transforation  of  1  5.’ E  to  polor  eoorJInslcs  Is  the 

two  as  uni  In  ctse  A*  aM  so  the  Integration  over  E ,  yields 


*  m  R*Ul  «•  Vrrtf  »n.4,i^,p  + 


c  3  R.  0  T*  -  ‘t  Tr  <£;|;  co~  <*>  p  t-Vn*(  1  A 

i 

\j/  a  1  a,  tee  ^  |i 

"r  - 

Their,  ,ponse  to  c-o-e  ^X,  i5  the  above  with  a  (♦)  sign  preceding  the 
last  tern.  It  is  easily  seen  that  tWc  reduces  to  Gutin’SrcsulV  for 
^  »  O  •  For  a  £  C++  j  variation#  the  response 

is  that  fer  f j  but  with  p  rcpl3ce*l  by 

^  and  vice  versa. 

The  asymptotic  bchaviorof  (39*  as  ^  ♦  o  is 

<S(E f)>  -  f  r 1  fr>  ..  T, 

*f.W  £,  *  [^0-,  *  J..., 

-4or.jp 

M 

where  the  areuaer.t  of  the  PcrseX  runellons  It  2.TT  ft*  1.  m~>  <#>  . 
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Sine* 

«l  Eri 

-  a.  51  (-0  JJiW-uNlf* 

y-i  *  x 

~  *S.  we  *  CXt**}1 

tb#  shove  should  ifret  with  »  calculation  using  (31)  wllh  /  *  /  and 
multiplied  by  the  factor  .  This  Is  eftslly  seen  to  be  the  case, 

The  computer  vu  again  used  to  evaluate  (39)  for  M  ■  0,5  ftnd 
0.9  ftnd  vftlues  of  •  1<f*,  l,  end  10  for  4>  •  30*  and 

p  ■  >*5#.  Results  ftre  plotted  in  Figs.  7ft  ftnd  7b,  Again#  raising  M 
broadens  the  apectrua  while  increaslrg  shifts  it  to  the  right. 

For  all  practical  purposes#  the  curves  for  Y  *  /  of  Case  A  and 
t*.  •  /  of  case  B  essentially  coincide;  however#  the  difference 
between  the  Y  ■  10  curve  and  that  for  ■  10  is  significant# 

and  here  the  Mseh  number  plays  a  strong  role.  Most  likely#  directionality 
is  also  important.  The  case  oRi  *  10"^  was  run  to  verify  numerically 
that  the  asy*|rtotic  behavior  of  (39)  as  — *  O  agreed  with  (31) 

for  Y  »  1,  as  discussed  above.  Accountiig  for  the  factor 

■  10*^,  they  essentially  lie  atop  one  another  at  M  r  0.5, 
at  M  *  0.9  the  difference  le  discernible#  though  still  negligible. 

Figs.  5  and  7  display  nearly  constant  slopes  for  all  the  curves  at  the 
higher  harmonics#  evidently  independent  of  If  or  {0#  •  Apparently 
M  does  have  a  strong  effect  on  this  exponential  decay  rate. 
Unfortunately#  results  for  very  large  values  of  /  or  are 

unavailable  at  this  writing  due  to  nuaerical  difficulties  with  the  Bessel 
functions. 

0 

Case  C:  Cofisirtervpolnt  forces  rotating  at  angular  speed  Jfl  about  the 
origin#  but  with  their  magnitudes  varying  randoaly  in  such  a  vay  that  no 
correlation  exists  from  one  instant  to  the  next,  or  equivalently  froa 
one  point  to  another.  This  is  commonly  referred  to  as  white  noise,  nnd  re- 
cvlts  ir.  a  flat  lccd  spectrum  independent  of  frequency.  The  correlation 
function  for  such  a  system  is  easily  seen: to  be 

Rn  '  §  Kg He.) Ur)  £'*(•-  4*>-  a™t) 

_  <M> 

where  L*  Is  the  nean-square  lift  exerted  by  one  of  the  dipoles. 

Sven  though  we  knot  that  the  acoustic  sp-etna  will  be  broad-band  and 
hence  have  no  "fundamental"  frequency#  the  non- statlonarity  in  tine 
exhibited  by  (*;t)  is  still  periodic.  Hence  a  time  average  over  the 
interval  O  to  Via  le  still  meaningful  and  results  in  a  factor  3^  . 
Froo  (ro) 

<S>  -  G (^n\iUR^»Cr  Ciinfr  f *<U. 

•  •-  Jm- 

«• 

Alt  the  integrations  involving  delta  functions  are  easily  carried  out# 

Riving 
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<s  «,*)>  - 


vhich  Is  independent  of  the  dipoles*  notion.  This  result  was  noted  for  the 
case  8  *  l  by  Ffovcx  UlllUftS  and  KftUklngS  <€*  .  Ikte  that  ve  only 
gain  a  factor  of  8  in  power  as  contrasted  to  Qx  in  cases  A  and  D. 
This  Is  *-eeause  successive  dipoles  no  locker  reinforce  each  other’s 
signals,  as  their  phases  are  randoa;  hence  the  intensities  add  rather 
than  the  pressure  amplitudes* 

The  ease  with  vhich  this  result  vaa  arrived  at  <h<  to  the  delta 
functions  in  and  £  suggests  that  it  nay  hold  for  any  planar 
■otion,  not  circular  or  even  periodic.  A  single  point  force  whose  path 


Is  prescribed  as  'jfi(t) 
Banner  Is  described  by 


and  vhich  fluctuates  in  the  above 


RjjtOj.l.t.r)  =  la  t<r) 


fixed  point  y  at  tlM  t  due  to  a  sinusoidal  v^ash  distribution 
of  wave-vector  )l  .  This  function,  generally  copies,  is  referred  to 
as  the  aerodynamic  transfer  function.  Then  the  response  at  y  at  tine  t 
to  a  turbulent  »fv%sh  pattern  Is,  by  linear  superposition 

M 

Jtl.tij)  =  \  /,  (f.t.T)  />(?;;) 


J  (f  }j)  c'lA7r^'  * 

‘  “  0*7! 

where  /~r  and  are  taken  os  generalized  randoa  functions.  I Sow 

ve  fora  the  correlation  of  the  lift  loading, 

Rjl  1  ^ //  ( 7*  ^  t 

•• 

*  ^r\,t*-r/xp  )  l^TfT^TF)  i'fi'j 


S(*,t,f)  =  &(+  yf*  <■  v*‘f‘)  Jjre'*,,rfr  x 


Homogeneous  turbulence  has  the  prep-rty  that  cscillations  of  ary  given 
wavelength  must  be  ur.cor related  with  those  of  any  other;  i.c.. 


•m  ^ 

[iU  ?  S(j-f.m)  *(f)i(r) 

•• 

P  G  (-V  f£»  *■  *  Wr)  j  i  d‘j 


‘/rr’  f’-  L*  G. 


vf>. 


Ker.ce,  as  long  as  the  dipole  remains  in  a  plane,  its  nccustic 
radiation  is  the  sane  asr if  it  were  imoblle.  The  result  for  8  dipoles 
is  8  tbies  the  above,  by  linear  superposition,  even  if  each  executes  a 
different  notion.  This  is  because  the  assumption  that  trajectories  are 
geometrically  ccnpaet  precludes  amplitude  variations  in  the  spectrum,  and 
the  Doppler  shifts:  are  indiscernible  in  a  flatspectrua. 

IV.  Uft  Response  c.r  Potor  to  turbulent  U.-vash  frttern 

As  n«nt ioned  above,  our  acoustic  analysis: requires  the  space-tine 
load  spectrus,  Pjj  ,  expressed  in  fixed  coordinates  os  seen  by  the 
observer.  To  obtain  this  quantity,  ve  begin  v»th  the  following  approximations: 

1)  linearised  aerodynaaic  theory  is  applicable  -  hence,  ve  can 
superpose  solutions, 

2)  the  turbulence  is  homogeneous  in  space. 

The  need  for  0  ic  obvious;  .*)  is  not  absolutely  necessary,  but 
it  considerably  simplifies  the  analysis. 

The  variations  in  s*r  ($ ,  C  \  j  )  give  rise  to  fluctuations 
in  the  angle  of  attach  *t  *  ,  U  being  the  local  rcan 

horiser.tal  velocity,  which  varies  linearly  with  distance  free,  the  hub.  t.'c 
presume  that  ve  have  ,  1 1  7  )  ,  the  lift  loading  At  a 


£,  f?)£,W  9  P,^(7)  iG--1) 

beinc  the  power  spectral  density  of  the  turbulence. 
Perfo.-alnc  the  -Integration  over  7*  cives 

•* 


(?)  d'J  (50) 


Consequently, 


&,*,*)  °  ^re‘!*nfrx 


M 

5 n  J,( r\ I.  vt<,)  t »  %,?)  P,^  (7) 

(50 

Unfortunately,  (50  in  conjunction  with  (CO)  implies  a  total  of 
eicht  scalar  integral  lens,  veil  beyond  the  capability  of  even  the  fastest 
computers.  It  Is  hoped  that  seme  nay  be  dene analytically;  but  even  with  the 
sinplcst  ferns  fer  is  usually  c explicated  env^h 

to  prohibit  this. 

tec  simplification  would  be  to  ncflcclirctarded-tlce  differcnecs 
Across  lurbuIenV  eddies;  i.c.,  to  assume  that  they  arc  such  smaller  than  the 
acoustic  wavelength.  Unfortunately,  integral  scales  In  the  atrwsph'rc 
typieally  run  to  several  feet,  so  such  a:t  approximation  breahs  d«r»r.  rt  hfnn 
frequencies,  A  norc  reasonable  npprsaeh  Is  tO-consHer  the  chord  as  acoustically 

coepict* 

kc  «  ^  c  =  M-«  1 

where  ve  h-w*  taken  ns  typical  of-’ the  highest  frequency,  Kenec 

this  effective)/ Units  the  results  to  Inc^resslWc  flow.  Another  nppreneh 
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would  to  to  aodol  tlx  cborduiM  looiln.  u  r«Untfil«r.  I'owewtr,  thlt 
and  tlx  previous  Mnft.lon  Noth  ixply  that  ^/it  ,  u  «c«o  by  »  flx«4 
point  In  tht  disk;  it  two  txe.pt  tt  tb*  discontinuities.  Tlx  fora  of 
03)  tutycatt  that  thla  would  tend  to  ovenayihaalie  the  hither  frequency 
coeponentr;  indeed,  thla  nay  oxpltln  why  Cutin'a  calculation  overeetlsates 
the  hither  hanonlea  aa  the  trnnaonic  refine  la  a^roached. 

lie  flan  to  apply  the  present  analytic  to  a  point  dipole  routine 
at  constant  ai«ular  velocity  in  a  heooteneoue  and  Isotropic  turbulent 
field,  with  an  ad  hoc  application  of  spjeil-tteedy  eerodynaaici  or  the 
Sears  function  to  obtain  Jlj  .  We  tien  plan  to  consider  tho  effects 

of  finite  chord  and  t-t'  ...cludlnt  the  different  orlenUtions  of  the 
spatial  courier  components  of  turbulence  relative  to  the  blades. 

V,  rmu-y  and  conclusions 

/it  acoustic  analysis  of  a  surface  distribution  of  dipoles  has  been 
Hide  with  a  nlnioun  cf  a  swaptions;  both  discrete  and  broad-band  spectra 
can  be  acccmwdated,  and  extension  to  acoustic  aonopolcs  and  quadrupoles 
Is  straight- forward.  The  forsulati—  has  been  applied  here  to  several 
examples  and  shown  to  agree  with  previous  approaches  vhere  applicable. 

In  particular,  It  is  expected  to  be  or  value  in  treating  the 
problem  cf  z  lifting  rotor  In  atmospheric  turbulence,  as  it  cssuaes 
knowledge  of  the  space-tiae  loading  cpectrun  In  fixed  coordinates,  Pjf 
This  is  a  frame  in  vhlch  the  turbulence  characteristics  are  nost  easily 
specified.  Ijovcver,  a  rcs&cr  of  integrations  arc  involved  In' the 
determination  of  Pjj  ,  and  further  approx  I  nations  will  probably 
be  required  before  practical  results  will  be  obtained. 

VI.  Sogenclature 

x  position  vector  cf  observer 
•y,  Z  position  vector*  of  disturbances  vith  in  the  rotor 
f  average  position  vector  of  disturbances 
C  relative  displacement  vector  between  disturbances 
A  *  Ixf 

n0  unit  vector  alone  * 

R,  •  polar,  coordinates  In  plane 

P  azimuth  angle  of 'observer 
0  a^ular  elevr.tlon  of  observer 

t  tine 

t  near,  retarded  tine 

T  separation  In  tine 

’f  pressure 
J5  density 

d,  speed  of  sound 

St  angular  rotation  frequency,  jix. 

C  bind?  chord 

f  acoustic  ftequcrcy,  Ks. 

X  acoustic  wavelength,  <*•/ f 
H  acoustic  wave  vector,  *,  /  A 
^  wave  rusher  of  lift  fluctuations 
j*  ujwash  eonpof.tr.t  of  turbulence 
y  turbulence  wave  vector 
X  instantaneous  acoustic  Intensity 
X  btoe  averaged  acoustic  intensity 


5  acoustic  apectfu* 

correlation  funct  ten 
power  spectral  density 

M  Hub  outer 

J  lift  loading  (f  ore*/ area) 

L  lift  force 

J  enaeeble  par— e  ter 

i  fT 

d  gee— trical  factor,  defined  la  £q»  (9) 

i  delta  Auction 

6  Made  mater 

n  harmonic  outer 
(  ).  —disturbed  value 

(  >  deviation  fr—  (  )# 

[  J  to  be  evaluated  at  retarded  tine 
I  I  absolute  value 

— \  enfeeble  averaged  quantity 

<  >  tine  averaged  quantity 

n 

(  )  co— lex  conjugate 
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•CMS  ASPECTS  C*  HZLXCOREX  HOBS  THEORY 
Hrt  II  keetnt  Kiiulti  Relating  to  &>gine  Moist* 
by  V.  ft.  Stars 
Corotll  University 

Abstract 

An  investigation  of  blade  forces  arising  from  rot  or- tt  star  Interactions 
in  subsonic  flow  is  report* i.  Cm  conclusion  is  that  the  Ksap-Sear*  type  of 
approximation  can  Ik  extended  to  include  compressibility  effects  by  meanx  of 
the  technique  euifested  recently  by  Mil* t  and  Sears. 

In  the  course  of  this  investigation,  sons  apparent  discrepancies  in 
the  results  of  Johnson  on  gust  loads  in  subsonic  two-dimensional  flow  were 
encountered.  These  are  reported  here,  without  explanation,  especially  in 
view  of  the  importance  of  Johnson's  three- dimensional  results  in  helicopter- 
nolae  research. 

T.  Aerodynamic  Interference  between  Hcnrir^  Hade  H^rs 

Under  contract  with  the  Mechanics  Branch  of  ATXR  we  have  continued 
our  studies,  begun  in  the  1950's,  of  unsteady  effects  in  axlal-flw  fans  and 
compressors*  Although  there  exist,  in  principle,  methods  for  solution  of 
these  problems,  within  the  two- dimensional  and  small-perturbation  approx  1  na¬ 
tion*  but  w/ihout  further  slapllficatlcnt,  the  practical  situation  Is  that 
these  are  generally  not  in  fonu  suitable  for  practical  use.  XtUs, 
therefore,  still  of  Interest  to  investigate  possibilities  of  extending  the 
Xo^-Sears  type  of  approximations  to  subsonic  ccsgpressiUle  flows.  Jfr. 

C.  Osborne  has  carrifd  out  such  sn  investigation. 

The  Xesp-Sesrc  theory 1  treats  inter-row  interference  as  a 
perturbation  of  steady  flow  through  a  stage  consisting  of  an  upstream 
stationary  row  of  blades  and  a  downstream  moving  row  -  stator  and  rotor,  say. 

It  It  clear,  first  of  all,  how  to  account  for  compressibility  in  the  steady 
flow  fields  attached  to  the  respective  rows;  namely,  by  the  Prandtl-clauert 
rule.  A  possible  approximation  (jl)  is  to  make  only  this  correction  for 
compressibility  and  to  use,  as  Kop  and  Sears  did,  incompressible  unsteady- 
airfoil  results  to  estimate  the  \nsti%dy  forced  that  result  froa  tte  motion 
of  the  up-  cr  downstream  blades  through  this  periodic  flow  field,  proposal  ft 
might  be  to  invoke  prsndtl-Glauert  theory  again,  In  a  straightforward  quasi- 
stftvdy  fashion,  to  estimate  the  unsteady  force*  ;i.e,»to  transform  the 
flow  fiald  encountered,  by  the  moving  blade  by  Prandtl-clauert  stretching  with 
respect  to  its  relative  flw#  direction,  before  employing  Incompressible 
unsteady-airfoil  results,  and  so  forth. 

But  In  a  recent  paper  *  Amlet  and  Scar  j  pointed  out  that  a  consistent 
first-order  theory  for  unsteady  flow,  analogous  to  the  Frandtl-Glauert, 
involves  an  additional  effect:  there  is  the  Prsndtl-GUuert  stretching,  but 
there  Is  also  a  first-order  distortion  of  any  time-varying  boundary  condition. 
(Fir  want  of  a  better  name,  X  suggest  calling  this  the  "CAS  P*approx  lnat  i  on , 
although  unfortunately  this  acronym  putt  Pramdtl  last!)  This  yields  a 
related  incompressible  unsteady  flow  if  terms  of  order  € *  are  neglected 
coshered  to  1  and  terns  pf  order  C  are  retained,  where  C  denotes 
the  ratio  of  body  length  ir  to  wave  length  of  toad: 

C  *  i//*. 

*  This  work  wa«  partially  supported  by  U.«  V.5,  Air  Force  Office  of  scientific 
research  under  contract  rWfto-6>c-OOft. 


where  -f  la  the  frequency  and  m.  the  speed  of  sound.  Thus  C  is  also 
equal  to  l/a*  timet  the  product  of  the  Msch  number  end  the  conventions! 
“reduced  frequency'’  of  unsteedy- airfoil  theory  based  on  the  half-chord. 

Is  la  only  when  tame  of  order  <  are  also  neglected  that  the 
approximation  of  #2  above  -  "straight forward  quasi-steady  Prandtl-clauert"  - 
la  obtained.  Thus,  our  third  proposition  (#3,  say)  Is  to  proceed,  once 
again,  as  In  #1  and  #2,  but  to  transform  the  flow  field  (tfelch  Is  steady 
in  the  frame  of  reference  involved  here)  as  per  the  GASP  approximation. 

Of  course,  one  would  esfloy.  Instead,  coggretalhle-fLcv  unsteady- 
airfoil  results  to  estimate  fluctuating  forces  if  such  were  available. 

To  a  limited  extent  they  ere  available:  some  years  ago  Drlschler  et  al.J 
of  NACA  Obtained  the  gust-rsspcric  functions  for  three  Msch  numbers,  by  a 
aeries  of  ingenious  numerical  approximations.*  Two  parts  of  the  inter- row 
interaction  are  gust-like,  vit.  vIscous-mJcc  and  vortex-wake  Interference, 
l.e*,  the  passage  of  downstream  blades  through  these  two  kinds  of  wakes. 
(Incidentally,  viscous-uake  Interference  is  said  to  be  the  most  important 
part  of  inter-row  interaction  in  present-day  engines.)  Consequently  ve 
have  calculated  these  two  phenomena  by  use  of  trlcchlcr't  results, 
especially  for  comparison  with  approximations  ii\,  ft,  and  #3#  above;  uc 
call  this  fit. 

Our  numerical  results  arc  admittedly  United.  They  all  pertain  to 
the  Uy-Uy  stage  treated  by  Kemp  and  Sears,  with  varying  Mach  number, 
gap/chord,  and  axial  row-spacing.  Two  different  assus^tions  were  made 
regarding  the  unperturbed  rotor-blade-loadli«  distribution,  itore  cases  could 
easily  be  calculated,  since  the  results  appear  in  closed- fora  fornulas  for 
direct  evaluation  for  all  four  approximations.  The  conclusions  are  sickle: 
Taking  fit  as  our  standard  of  comparison, 

1.  Approximation  Jl  (incompressible  unsteady- airfoil  theory)  shows 
the  right  trends  with  Ifcch  number,  but  seems  tsr  underestimate  the  effects 
of  compressibility. 

2.  Approximation  ft  (quasi- steady  lrandtl-Clau«rt)  is  cocpletely 
without  merit,  predicting  eoa^resslbillty  effects  that  even  have  the  vreez 
trends  with  varying  ’fcch  mxJber. 

3*  Approx  imtion  ft  (TGA5P*)  lx  relatively  satisfactory,  even  up 
to  M  at  0.7,  and  even  for  relatively  large  *> 

■».  The  principal  effect  of  coepreeslblllty,  in  general,  ia  to 
reduce  the  magnitude  of  inter- row  interaction  (lift  flue  tuitions ).  This 
is  recognised  as  a  general  phenomenon  in  unsteady-airfoil  flows,  and  can  be 
explained  easily- In  the  framework  :of  the  GASP  transformation.  It  also  becomes 
dear,  in  this  framework,  why  the  predictions  of  our  ft  are  so  wrong. 

Having  thus  succinctly  stated  our  conclusions,  we  shall  not  present 

4 

any  of  Osborne's  graphs  ^iere.  They  appear  in  his  thesis  which  we  propose 
to  abstract  in  the  form  of  on*  or  more  published  papers  as  scon  as  possible. 
II.  The  Response  of  Thin  Air  folic  to  Sigmoidal  Gusts  at  Subsonic  Flow  Sp-Cw* 

Calculations  of  the  pressures  and  forces  on  airfoils  of  infinite 
spsjt  is  eomvected  sinusoidal  gust  fields  have  been  carried  out,  for 
eo^ressible  flow,  Jji  Reference*  b  and  5. 

loth  Investigations  involve  solving  integral  equations  for  the 
singularity  distributions  in  the  presence  or  vortex  wakes.  Johnson* 
transforms  to  a  coordinate  system  in  which  the  How  becomes  steady 
(three-dimensional)  -  an  Ingenious  device  idilch,  of  course,  camot  be  used 
to  produce  the  two-dimensional  ease,  nevertheless,  both  authors  do  present 
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data  for  the  two-dimensional  cu«;  Johnson V  ut  in  Ux  form  of  exponential 
formulas  obtained  from  his  numerical  solution*  by  curve- fitting,  while 
Graham's*  art  presented  (to  data)  only  in  a  simile  vector  diagram  who  it 
seal*  la  not  adequate  to  provlda  accurate  valuta  for  computation! ,  It  is, 
therefore,  ispossible  to  aake  meaningful  co^arisont  of  Johnson's  and 
Graham's  results  at  this  meeting. 

Cm  the  other  hand,  it  is  possible  to  cottars  Johnson's  values 
(a)  with  the  correspond^  incoapressible-flow  function  *  ,  (b)  with  the 
results  of  applying  the  GASP  transformation  to  this  function,  and  (c)  with 
r<  itchier *s  approximate  results  3  .  These  comparisons  are  presented  in 
Figs.  1-3#  where  the  absolute  value  or  the  ratio  of  lift  to  quasi-steady 
lift  Is  plotted  against  rcducsl  frequency  U)  and  H*ch  nuober  of  flight  M  . 
It  should  be  recalled  tint  the  validity  of  the  GASP  approximation  is 
limited  by  M  and  the  frequency  parameter  €  ;  viz., 

(?  3  l-M*  «■  I 


*>e  curr*t  of  Figs.  1-3  therefore  leave  us  with  some  concern  for  the 
Accuracy  of  Johnson's  results  for  the  two-dimensional  case.  It  is  hard  to 
believe  that  the  effect  of  ccugftrssfblllty  is  so  large  at  very  saall  M. 

As  indicated,  the  value  of  **  for  M  »  0.3  and  **>  »  U  is  only 
.04,  so  that  we  expect  the  accuracy  of  the  GASP  approximation  to  be  very 
good. 

We  have,  therefore,  foremen*  the  application  of  Johnson's  results, 
'.hat  is  more  important,  especially  to  those  interested  in  broad-band  nolsa 
prediction,  is  whether  Johnson's  results  for  other  angles  of  inclination  of 
the  sinusoidal  gusts  to  the  ving  are  dependable.  Perking  the  publication  of 
detailed  results -by  Graham,  or  the  equivalent^  It;  seems  impossible  to 
answer  this  important  quest Ion. 
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Figure  1.  Ratio  of  lift  magnitude  to  quasi- steady  lift  as  function  of 
reduced  frequency.  Ter  sinusoidal  gust  at  various  :*ch  numbers  of  flight, 
according  to  "GASP"  approximation  *  •  Cross-plotted  curves  show 
values  of  €  *  M  ,  (From  Reference  C) 
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ABSTRACT 

The  purpose  of  this  project  is  to  determine  whether  or  r.ot 
vortex  shedding  noise  fro*  helicopter  rotors  exists,  and  if  it  exists, 
to  determine  the  associated  aerodynamic  characteristics.  The  first 
year's  effort  was  directed  toward  an  evaluation  of  the  feasibility 
of  an  experiment- to  attcapt  to  measure  vortex  shedding  noise  on  an 
airfoil.  It  was  determined  that  the  state-of-the-art  experimental 
techniques  and  equipment  would  be  adequar.o  to  measure  vortex  shedding 
If  it  had  oortain  assumed  frequency  characteristics  and  if  some 
specific  model,  instrumentation,  and  wind  tunnel  requirements  were 
met.  The  second  year's  effort  was  directed  toward  coordinating 
design  of  the  airfoil  model  and  instrumentation  and  conducting  ex¬ 
periments  on  two-dimensional  and  three-dimensional  airfoil  models. 
Surface  pressure  measurements  on  the  airfoil,  hot-wire  measurements 
in  the  wake,  sound  measurements,  and  accelerometer  measurements  were 
made.  Those  measurements  indicate  that  vortex  shedding  at  a  discrete 
frequency  exists  but  that  its  frequency  may  be  higher  than  has  been 
used  in  helicopternoisc  prediction  techniques.  Details  of  this 
and  other  noise  characteristics  as  observed  from  the  experimental 
data  will  be  presented  and  discussed.  A  brief  discussion  ot  the 
upcoming  year's  effort  will  be  presented. 

Introduction 

Helicopter  rotors  are  an_ important  helicopter,  r.oi sc  source. 
Reductions  In  helicopter  rotor  noise  areidesirable  from  various 
considerations,  including  detection,  annoyance,  and  hearing  damage* 
An  improved  understanding  of  the  mechanisms  involved  in  holicopter 
noise  generation  arc  important  in  the  obtainnent  of  reduced  heli¬ 
copter-rotor  noise.  Vortex  shfddlne  noise  has  been  suggested  as 
one  source  of  high  frequency  noise,  and  under  some  flight  conditions 
it  hasbeed  suggested  as  a  source  of  high  amplitude  high  frequency 
noise. 

The  primary. purpose  of ~ this  work  is  to  establish  whether  or 
not  vortex  street  shedding  from  heHcootcr  rotors  is=a  significant 
noise  source.  The  bulk  of  studios  of  vortex  shedding  have  Involved 
blunt  bodies.  Considerable  work  in  tho  or oa  of  vortex  shedding 
from  airfoi’s  l.ssrbeen  done  recently,  andls  presently  being  con- 
,  ducted.  Of  particular  Interest  is  work  done  pt  UARL  by  Patterson, 

•This  study  is  supported  by  the  Department  of  tho  Army,  (I,S.  Army 
Research  Office-Durham,  Durham,  North  Carolina,  under  Contract 
DAHC0«-«*-C-O0?0. 
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et  al.1  Hanson7  has  done  extensive  experimental  wi  rk  on  notched 
and  bluff  airfoils.  Anrextensive  survey  of  literature  concerned 
with  the  singing  propeller  problem  (primarily  for  hydrodynamic 
application)  by  Ross*  contains  interesting  papers  which  are  pertinent 
to  the  current  work  on-airfoils.  * 

The  first  year's  efforts  were  directed  toward  determining, 
insofar  as  was  available  from  existing  literature  and  simple  theory. 
Important  vortex  shedding  characteristics,  orders  of  magnitude  of 
frequencies  ar.d  amplitudes  which  might  be  expected,  and  important 
aerodynamic  parameters  and  their  effects  on  vortex  shedding  charac¬ 
teristics.  The  feasibility  of  an  experimental  investigation  to 
attempt  to  determine  vortex  shedding  characteristics  of  an  airfoil 
was  evaluated,  tt  was  determined  that  such  an  experiment  was  fea¬ 
sible,  subject  to  certain  restrictions  and  requirements  oh  experi¬ 
mental  facilities  and  instrumentation.  The  second  year's  effort 
was  to  perform  the  experiment  and  to  analyze  the  experimental  data. 
The  third  year's  effort. is  to  be  directed  toward  the  use  of  the 
experimental  results  in-modeling  helicopter  noise. 

The  effort  has  been  completed  through  thp  obtainnent  of  ex¬ 
perimental  data.  Dat,i  analysis  has  not  been  completed,  so  the 
results  presented  here  arc  of  a  preliminary  nature.  The  exocrimental 
effort  was  delayed  approximately  nine  months  from  the  schedule 
originally  planned,  and  completion  of  the  data  analysis  had  been 
delayed  accordingly.  The  delay  in  the  experimental  phase  of  the 
effort  was  due  to  problems  associated  with  experimental  facility 
construction,  instrumentation,  and  shakedown. 

Summary  of  Expected  Vortex  Characteristics 
and  Test  Feasibility  Sludic* 

Expected  vortex  shedding  characteristics  which  were  determined 
early  in  the  investigation  included  the  following: 

1.  The  oscillatory  lift  force,  LU),  duc  to  vortex 
shedding  at  frequency,  *,-=frce  an  airfoil  with 
chord,  c,  length,  *,  and  lift  curve  slope, 

in  a  fluid  with  density,  and  relative  velocity, 

V,  with  angle  of  attack  magnitude  due  to  vortex 
shedding  of  ay,  is  given  by 

LU)  »  (5  e  V?  c  <  *.)  v>v  c,ut.  ’ 

2.  Similarly,  the  first  harmonic  drag  force,  D(tl,  ix.glvcn 
by 

r.(t)  •  (j  *  V*  c  t  a.)  *v  oUt 

'l 

where  >»,  is  thc-s  toady  airfoil  angle  of ‘attack. 

3.  The  uortex  shedding  angle  of  attack  magnitude, 
is  expected  to  have  h  range -as  given  by’ 

°:'v :  -v*'  i 

where  Cj  Is  the  airfoil  drag  coefficient,  and  Is  a 
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function  of  airfoil  shape  and  surface  condition# 
angle  of  attack ,  and  Mach  number. 

4.  The  aacond  harmonic  drag  forca  it  negligible  with 
raapact  to  the  first  harmonic  drag  forca  excapt 
at  vary  small  angle#  of  attack,  la  of  the  ordar  of 
a#  tines  tha  first  harmonic  lifts  and  is  expected  to 
be  nagligibla  for  aaaantially  all  practical  flight 
condition*  for  helicopter  rotors. 

The  feasibility  study  for  the  experimental  ta*t*  indicatad 
that  tests  vare  desirable  if  cartain  test  facility,  nodal,  and 
instrumentation  requirement*  could  be  achieved. 

Tast  facility  requirements  included  the  following: 

1.  Kind  tunnel  turbulence.  -  .0004 

2.  Known  wind  tunnel  speed  and  angularity  distributions: 
speed  range  to  400  ft/sac. 

3.  Sound  Held  measurements  outside  the  open  jet  test 
section,  with  tunnel  empty  and  with  a  known  sound 
source  in  the  test  section  (both  with  tunnel  running). 

4.  Capability  to  achieve  full-scale  helicopter  Reynolds 
number  range. 

Model  and  instrumentation  requirements  included  the  following: 

1.  Sire  large  enough  to  achieve  full-scale  helicopter 
Reynolds  number  range. 

2.  Standard  airfoil  shape,  preferably  NACA  0012. 

3.  Two-  and  three-dimensional  nodel*. 

4.  Models  and  mount*  as  rigid  as  possible  to  reduce  model 
motion. 

5.  Known  model  natural  frequencies  in  flap  and  torsion. 

5,  Accelerometer  measurements  to  determine  nodel  notion. 

7,  Surface  pressure  measurements'  to  determine  pressure 

magnitudes,  correlation  lengths,  and  frequencies^ 

Tests  ware  performed  at  the  United  Aircraft  Research  Acoustic 
wind  tunnel,  which  was  designed  for.  a  turbulence  level  l^/U#)  of 
0.0004.  An  S?L  of  the  turbulence  has  not  yet  been  made  by  RASA, 
but  the  overall  level  was  reports -to  be  approximately  0.001,  some¬ 
what  higher  than  the  design  level.  The  tunnel  test  section  can  be 
operated  as  on  open  jet,-  in  an  acechoic  chamber.  The  chamber  is 
enechoic  above  270  11*.  Microphones  were  positioned  within  the 
anechoic  chamber  so  as  to  bs  in  the  far  field  of  the  sound  radiated 
from  the  model  in  the  test  section.  The  test  section  used  during 
these  test*  had  an  open  top  and  bottom  with  approx inate  dimensions 
of  21  inches  (spanwise)  by  30  Inches  -(atreaawise) .  Steel  sidewalls 
provided  w*J«i  and  instrumentation  support,  and  some  flow  contain¬ 
ment.  Various  arrangements  of  flow  control  devices  were  used  to 
reduce  noise  level*  associated  with  the  open  jet  nozzle  and  collector* 
Alternate  downstream  open  jet  lengths  were  available,  and  offered 
advantages  and  disadvantages.  The  30  inch  length  was  chosen  because 
It  represented,  in  our  view,  the  most  "well  known"  and  reliable 
operating  configuration  of  a  new  tunnel  facility.  The  general 
arrangement  of  the  test  section  is  shown  in  rigure  1.  The  tunnel 
fan  und*v*nt  sore  modifications  between  the  time*  tha 5  the  2-D 


and  3-D  model  tests  were  conducted.  Detailed  analyses  of  tunnel 
noise  have  not  been  made  for  the  two  fan  configurations,  but 
preliminary  investigations  indicate  that  changes  in  the  test  section 
conditions  were  small.  (A  more  detailed  analysis  may  l>e  available 
by  the  date  this  paper  is  presented) . 

Two  wing  models  were  used  in  these  testo.  Plan  views  are  shown 
in  Figure  2.  loth  were  NACA  0012  sirfoils,  made  of  steel,  with  span- 
vis*  internal  holes  for  surface  pressure  microphone  and  accelerom¬ 
eter  cables,  and  with  a  surface  pressure  microphone  mounted  in  a 
spanwise  slider  mechanism  to  permit  the  30%  surface  pressure  micro¬ 
phone  to  be  traversed  along  the  airfoil- span.  The  two-dimensional 
model  (21  inch  span)  was  clamped  at  each  end,  and  the  slider  micro¬ 
phone  could  be  moved  to  any  desired  spanwise  position.  The  slider 
mechanism  was  observed  to  have  a  slight  gap  along  Its  leading  edge 
and  to  be  s  few  thousandths  of  an  inch  above  the  airfoil  surface. 

The  three-dimensional  model  (•  11  inch  span)  was  clamped  at  one  end, 
and  the  slider  microphone  could  be  moved  incremental  amounts,  depend¬ 
ing  upon  available -inserts  to  fill  the  slider  gap.  The  slider=mechan- 
isa  fit  was  better  on  the  three-dimensional  model  than  on  the  two- 
dimensional  model.  A  chordwise  array  of  surface  microphone*  was 
located  seven  inches  from  one  end,  for  both  wing  models,  with.micro- 
phones  at  15%,  30%  (slider),  31%,  50%  and  70%  chord.  Ar.  accelerom¬ 
eter  was  located  at  midchord:  at  midspah  of  the  2-D  model,  and  near 
the  tip  of  the  3-D  model.  The  accelerometers  were  internal  to  the 
surface.  The  surface  pressure  microphones  were  mounted  so  asto 
have  a  very  small  gap  around;the  exposed  diaphragm,  and  with  the 
diaphragm  vaunted: as  nearly  flush  with  the  airfoil  surface  as 
possible.  During  some  of  the.  3-D  tests,  not  all  of  the  surface 
pressure  microphones  were  operational,  and  in  any  event  only  five 
of  the  surface  pressure  microphones,  the  accelerometer,  and  the 
two  sound  PNi^mnhnhns  could  be  recorded  at  one  tine  due  to 

the  limited  numberof  power- supply  units  which  were  available  for 
various  amplifier*. 

Two  hot-wire  =  anemometers  =, were  mounted  downstream  of  the  wire, 
as  shown  in  Figure  3.  One  wax  on  a  traverse  mechanlrm  which 
permitted  spanwise  and  vertical  (normal  to  airfoil  middl*  surface) 
motions,  and  is  referred  to  as  the  "movable"  hot-wire.  The  other 
could  be  adjusted  manually  only,  and  is  referred  to  as  the  "fixed" 
hot-wire.  It  could  be  located  at  any  spanwise  position  and  at  one 
inch  vertical  increments.  The  movable  hot-wire  required  a  vertical 
slot  in  one  side  wall  to  allow:: vertical  motions.  Holes  were  drilled 
in  the  side  to  permit  vertical  adjustment  of  the  fixed  hot-wire. 

Only  positions  below  the  0*  angle  of  attack  plane  were  attainable. 
Originally,  it  bad  been  intended  to  make  wake  surveys  at  approxi¬ 
mately  0.5  and  3,0  chord  lengths  downstream  of  the  trailing  edge  of 
the  airfoil.  The  use  of  a  30  inch  test  section  opening  together 
with  rather  severe  buffeting  near  the  collector  precluded  making 
surveys  at  3,0  chord  lengths  downstream,  and  the  surveys  at  0.5  were 
shifted  to  1,0  due  to  interference  with  other  lratrumentation. 

Two  sound  pressure  microphones  were  located  in  the  anechoic 
chamber, -as  shown  in  Figure  4.  One  was  located  directly  above  the 
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model  centerline#  Midway  between  tht  tunnel  walls*  had  an  easily 
adjusted  height*  and  is  referred  to  as  the  overhead  Microphone. 

Another  was  located  at  a  lower*  More  downstream  location,  but  not 
so  as  to  be  in  the  direct  "shadow"  of  the  collector  nozzle*  was 
normally  kept  at  a  somewhat  smaller  radius  from  the  model  center- 
lineas  the  overhead  microphone,  and  is  referred  to  as  the  "down¬ 
stream"  nicrophcne. 

Appropriate  amplification  of  transducer  signals  was  provided 
when  necessary.  An  oscilloscope  was  available  for  some  on-line 
monitoring  and  investigation*  and  an  oscillograph  nnd  a  magnetic 
tape  recorder  were  used  to  record  transducer  output.  The  oscillo¬ 
graph  had  7  mirror-type  galvanometers  which  were  flat  within  -  5% 
to  about  IK  Hz  and  had  a  gradual  drop  off  above  that.  (The  response 
is  down  about  35%  at  2K  Hz*  and  about  75%  at  3K  Hz.)  The  tape 
recorder  was  a  one  inch*  14  channel*  PM  recorder  with  a  27K  Hz 
carrier  signal*  and  had  a  flat  frequency  response  up  to  5K  Hz. 

Test  Procedures  end  Results 

Instrumentation  was  tested  and  calibrated  before  each  set  of 
*csts.  Individual  components  were  monitored  with  the  oscilloscope 
and -replaced,  repaired*  or  removed  when  found  to  be  defective. 

System  check-out  included  runs  made  with  the  tunnel  empty  and  with 
a  one  inch  dianetcr  steel  cylinder  placed  at  theairfoll.midchord 
position.  Seme  of  these  tests  Indicated  significant  characteristics 
of  the  system.  They  provide  a  base  of  reference  for  other  measure¬ 
ments,  as  well. 

It  was  noted  during  calibration  of  other  instrumentation  that 
the^acceler-MMter  scemd  to  have  a  residual  output  of  O.OSJg  at 
about  60  Hz  and  0.0204g  at  about  190  Hz.  This  was  probably  line 
noise,  and  could  be  a  significant  part  of  so^c  of  the  accelerometer 
tine  histories.  The  overhead  microphone  also  had  a  residual 
signal  with  30  Hr  andhlgher  frequency-noise  contained  in  it. 

The  oscillograph- records  are  the  source  of  most  of  the  results 
presented  in  this  paper.  The  prisary- function  of  the  oscillograph 
was -to  serve- as  an  on-iir.e  multi-channel  monitoring  device.  Tims, 
all-channels  were  used  for  primary  transducer  output*  and  for  most 
runs  no  reference  signal  for  frequency  (or  paper  soeed)  was  recorded 
on  the  oscillograph.  The  maximum  nominal  paocr  speed  was  10  ips, 
andtherc  were  occasionally  variation*  by  as  much  »'i  a  factor  of 
two- or  more,  frequent-/  values  based  on  an  assumed  paper  speed  of 
the  oscillograph  ere-k.'own  to  be  inaccurate. 

Tunnel  empty  tests  end-cylinder  tests  indicated  that,  noise 
from  objects  within  the  tunnel  snould  be  of  sufficient  amplitude 
to  be  measurable#  and=rot  be  masked  by-tunnel  background  noise. 

A  beating  pattern*  which  was  observed ^during  the  cylinder  tests  in 
the  ^-overhead  and  downstream  sound  microphone  records*  could  be  from 
slight  spanwise  nonuniformities  in  the  tunnel  velocity  or  angularity. 
(Regular  shedding  from  the  cylinder  was  observed  at  all  velocities 
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through  peak  velocities  of  about  670  ft/sec*  or  Reynolds  numbers 
of  about  2.4  x  .10*. ) 

Spanwise  correlation  lengths  in  the  wake  and  on  the  airfoil 
surface  were  investigated.  Preliminary  estimates  of  the  length 
over  which  wake  velocities  were  in  phase  were  made  by  observing 
whether  or  not  Lissajous  figures  were  generated  on  the  oscilloscope 
when  one  hot-wiro  anemometer  was  used  as  the  horizontal  input  and 
the  other  was  used  as  the  vertical  input.  In-phase  velocity  varia¬ 
tions  for  the  two-dimensional  model  were  indicated  for  only  a  4* 
angle  of  attack*  at  low  velocities.  At  4*  and  100  ft/sec  this 
length  was  approximately  1.5  inches;  at  200  ft/sec  the  length  fell 
to  approximately  1  inch.  The  correlation  was  not  found*  however* 
except  on  the  vertical  "edge"  of  the  most  turbulent  region  as 
indicated  in  Figure  5,  and  at  the  spanwise  coordinate  position 
of  the  chordwisc  array  of  surface  pressure  microphones.  This 
indicates  that  cither  (1)  the  surface  pressure  microphones  caused 
the  correlation  in  the  wake*  or  (2)  the  wake  was  warped  vertically 
and  surveys  at  othsr  spanwise  locations  missed  the  region  of  corre¬ 
lation.  It  was  observed. that  the  maximum  amplitude  disturbance  for 
4*  and  100  ft/scc  occurred  from  approximately  0.2-' Inch  to  0.4  inch 
below  the  0*  plane.  The  observed  dominant  frequencies*  together 
with  this  sItc  of  peak  amplitude  region  indicates  that  the  wake 
thickness  is  approximately  one-tenth  the  airfoil's  projected 
dimension  on  the  free  stream.  It  is  possible  that  helicopter  rotors 
have  lower  frequencies  and  larger  wake  thicknesses  than  those  ob¬ 
served  during  these  tests.  Different  turbulent  levels,  airfoil 
surface  conditions*  and  other  differences  An  operating  conditions 
could  result  in  different  frequencies*  and  It  Is  expcctcd=that 
most  of  these  differences  vould£tend  to  lower  the  shedding  frequency. 

for  those  configurations  where  pure  tones  were  observed,  the 
surface  pressure  microphone  measurements  indicate  that  the  surface 
pressures  were  correlated  over  the  entire  length  of  tho  airfoil. 

As  shown  In  figure  6,  at  4*  and  100  ft/sec  the  15%  surface  pressure 
microphone,  the  overhead  and  downstream  sound  pressure  microphones, 
the  accelerometer,  and  to  a  degree*  the  70%  surface  pressure  micro¬ 
phone  and  the  hot-wire  anemometers  all  appeared  to  be  correlated 
and  have  a  dominant  frequency  of  about  1160  Hz.  A  traverse  with 
the  30%  surface  pressure  micrcohonc  indicate**  no  Variation  of  ragnlr 
tude, -phase,  nr  frequency  with  span,  and=appcarcd:=to  have  the  sane 
aaplitude  as  the  15%  microphone. 

One  result  of  the  spanwise  surface  pressure  microphone  traverse 
wj  .  the  observation  that  the  15%  microphone  (and=probablyall  "up¬ 
stream"  microphones)  had  a  significant  effect  onthe  30%  microphone 
(and  probably  other  downstream  microphones),  as  shown  in  figure  7. 

A  high. frequency  disturbance  of  significant  magnitude  was -introduced 
by  placement  of  *he  J0%- microphone  dow*-  r  am  of  the  15%  microphone 
luce  Tigure  7. a)  and  was  eliminated  who  .  the  30%  microphone  was 
removed  from  the  downstream  position  by  approximately  0.5  Inch  (see 
figure  7.b).  The  J0%  microphone  output  shown  on  figure  7;a  is  as 
free  from  this-high  frequency  disturbance  as  any  dswnstrcam  micro¬ 
phone  signal  recorded  during  most  of  the  runs,  other  conditions  of 
anglc-of  attack  and  velocity  showed  similar  effects  of  moving  the 
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30%  microphone  out  of  the  “downstream”  position.  Ail  downstream 
surface  mtcr option* s  had  output  containing  significant  aaounts  of 
high  frequency  output  as  compared  with  th«  15%  microphone  jutput  for 
cases  where  it  had  a  relatively  clean  sigral.  (That  is,  output 
was  similar  to  the  30%  microphone  when  It  was  downstream  of  the 
15%  microphone).  Thus,  it  must  be  assumed  that  most,  if  not  all, 
of  such  output  is  due  to  the  upstream  surface  microphone.  The 
oscillograph  records  of  the  chordwise  surface  pressure  microphones 
are  of  doubtful  value,  but  analysis  of  the  magnetic  tape  records 
may  yeild  more  Information, 

Wake  correlation  was  also  investigated  during  the  three- 
dimensional  model  tests.  Correlation  lengths  of  approximately 
0.5  inch  were  observed  for  the  wing  at  4*  angle  of  attack  ar.d  at 
tunnel  velocities  of  100  ft/sec  and  200  ft/sec,  downstream  of  the 
surface  prosuurc  microphone  array  during  the  three-dimensional  model 
tests.  Again,  a  wake  region  of  peak  disturbances  and  observed 
frequencies  indicated  a  wake  thickness  on  the  order  of  one  tenth  the 
airfoil's  projected  dimension  on  the  free  stream.  There  did  not 
appear  to  be  increased  spanwise  correlation  lengths  in  the  wake  near 
the  tip  of  the  three-dimensional  model.  Surface  pressure  microphone 
traverses  indicated  that  the  15%  and  30%  (movable)  microphones  had 
the  saxe  amplitude,  frequency,  and  phase  along  the  entire  span,  for 
those  cases  investigated. 

The  models  could  be  expected  to  respond  most  readily  near  their 
natural  frequencies.  An  atteaptrwas  made  to  determine  natural  fre¬ 
quencies  of  the  three-dimensional  model  by  tapping  the  model  near  the 
tip.  Resulting  accelerometer  output  indlcated-that  the  two  lowest 
bending  natural  frequencies  of  the  three-dimensional  model  were  at 
approximately  135  Hi  and  527  Hz.  Higher  frequency  modes  exist,  but 
mede  types  and  frequencies  were  net  clearly  indicated  by  these  simple 
testn.  Model  physical  propertiesand  support  conditions  arenot  felt 
to  be  known  sufficiently  well  to. permit  a  theoretical  estimate  of  the 
model  natural  frequencies. 

The  accelerometer  output  indicated  that  there  was  model  motion 
at  the  same  frequency,  a*  surface  and  far  f laid  microphone  pressure 
variations  for  many  angle  of  attack  and  flow  conditions.  At  other 
conditions  the  accelerometer  either  had  no  significant  output  with 
thd  same  frequency  as  the  microphones,  or  that  frequency  component 
was  not  clearly  distinguishable  from  the  osciU.-qraph  record.  The 
possibility  of  model-motion  exists,  and  either  torsional  or  flat¬ 
wise  motions  would  have  •  corresponding  anglt  of  attack,  Hft  varia¬ 
tions,  and  possibly  wake  veloeitv  and  sound  pressure  variations. 

Model  motion,  as  measured  by  thcaccelerometcr,  was  calculated  for 
the  two-dimensional  model  for  * -*  4*  and  v  *  100  ft/scc.  This 
condition  r«sult«din  very  nearly  pure  tone  (single  frequency!  out¬ 
put  from  all  instrumentation.  It  also  had  one  of  the  largest  ratios 
of  model  velocity  to  sound  pressure  ratios,  indicating  that  If  model 
motion  were  ever  important,  it  should  be  for  this  condition.  Calcu¬ 
lations  for  this  case  indicate  that  tl>  the  airfoil  notion  a*  a  flat 
plate  would  not  be  largH  enough  to  cause  the  ohservod  sound  pressures 


at  the  overhead  microphone,  and  (2).  lift  variations  due. to  the  angle 
of  attack  caused  by  flapping  velocities  would  not  be  large  enough 
to  cause  the  observed  sound  pressures  at  the  overhead  microphone. 

The  measured  surface  pressures,  however,  would  be  sufficient  to 
cause  the  observed  sound  pressure.  Therefore,  model  motion  does  not 
appear  to  ha  the  primary  source  of  sound  even  when  it  is  at  a  rela¬ 
tively  large  level -compared  to  the  sound.  Xt  is  entirely  possible 
that  model  motion,  though  smell,  does  contribute  to  the  mechanism(s) 
involved  in  vortex  shedding  and  turbulence,  and  thus  plays  an  impor¬ 
tant  roll  in  sound  generation  for  some  model  configurations.  The 
observed  surface  pressures  for  these  conditions  was  approximately 
1/2  the  maximum  pressure  predicted  in  the  preliminary  study  men¬ 
tioned  earlier,  s'*  is  the  correct  order  of  magnitude  for  vortex 
shedding  pressure  disturbances.  Analysis  of  other  test  conditions 
is  dependent  upon  frequency  analysis  of  the  magnetic  tape  records, 
which  was  not  completed  at  the  tine  of  the  printing  of  this  paper. 

It  is  expected  that  further  analysis  of  the .experimental  data  will 
be  done,  including  apectral  analysis  of  some  of  the  recorded  pressure 
tine  histories.  The  results  of  this  and  other  available  work  will 
be  used  to  develop  methods  for  predicting  vortex  shedding  parameter * 
*3  a  function  of  airfoil  and  operating  characteristics.  These 
methods  will  be  used  in  conjunction  with  existing  rotor. blade  loads 
programs  and  rotor  noise  prediction  programs  to  predict  helicopter 
main  rotor  vortex  r.oise  for  helicopters  in  various  flight  regime*. 

Conclusions 

The  expected  magnitude  of  surface  pressures  was  observed  for 
cases  where  "pure  tone*  signals  ware  observed,  but  frequencies  were 
anorder  of  magnitude  higher  than  predicted  on  the  basis  of  airfoil 
dimension  perpendicular  to  the  free  stream.  Model  notion  did  not 
appear  to  be  of_ sufficient  magnitude  to  account  for  the  observed 
sound  levels,,  but  may  be  an  important  mart  of  the  mechanisn(s) 
involved  in  vortex  shedding  noise,  particularly  whetepure  tones 
arc  emitted.  Shedding  frequencies  may  be  different  on  operational 
helicopter  rotors  than  those. observed  during  these  controlled  tests. 

Most  angle  of  attack  and  velocity  conditions  did  not  result  In 
pure  tone  emission,  but  was  characterized  by  sound  emission  over  a 
range  of  frequencies.  Hone  of  the  observed  frequencies- we re  in  the 
range  which  would  be  predicted  using  a  Strouhal  number- of  approxi¬ 
mately  0.7  and  the  airfoil's  dimension  perpendicular  tothe  free 
stream;  the  observed  frequencies  were  approximately  an  order  of 
eagnitule  higher  than  those  predicted  on  that  basis- 

For  conditions  where  pure  tones  were  observed  the  surface 
pressure  variations  were  in  phase  over  the  entire  airfoil,  wake 
velocities  were  in  phase  for -lengths  on  the  order  of  thr,  Airfoil 
thickness,  and  accelerometer,  surface  and. sound  pressure  microphones, 
and  hot-wire  anemometers  all-had  the  same  dominant  frequency. 

No  increase  was  observed  in  the  spanwise  length. with in  which 
wake  velocities  were  correlated  lj»  the  tip  tegion  of  the  thre*- 
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dimensional  model,  as  compared  with  two-dimensional  model  results. 
Three-dimensional  effects  do  not  appear  to  have  a  significant  effect 
on  surface  pressure  or  sound  pressure  frequencies  or  magnitudes. 

rurther  analysis  of  the  date  is  anticipated,  and  may  modify 
these  conclusions  and  indicate  other  important  facts  related  to  the 
generation  of  souna  by  airfoils. 
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Figure  2.  Plan  view  of  KACA  0012-airfoil  models. 

9  inch  chnrd,  1.08  Inch  maximum  thickness. 


Figure  1*  Test  section  arrangement 
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Figure  4.  Typical  sound  pressure  nicrophone 
arrangement 


Figure  6.  Typical  transducer  signals  for 
“pure  tone*  conditions 
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Figure  5.  Wake  correlation  region 
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Figure  7.  Effect  of  vis tree*  surface  pressure  nicrophone 
on  downstron  surface  pressure  nicrophone 
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ROTATING  BUDE  VORTEX  NOISE 
VIW  AJ©  WITHOUT  AXIAL  VELOCITY 

Jwt  Schetman  *nd  David  a.  Hilton 

NASA  Langley  Research  Center 
KMptofl,  Virginia 

SUmART 

An  experlMhUl  Investigation  hit  been  made  in  the  Ungley  full-scale 
tunnel  and  outdoor*  to  investigate  some  of  the  characteristic*  of  vortex  noise 
generated  on  *  routing  Hide  system.  Acoustic  measurements  were  made  for 
two  differ-nt  blide  section*  with  seven!  tip  shapex  when  the  blades  were 
routine  In  their  o*n  shed  wikt  and  when  the  *htd  wake  vis  blovn  downstream. 

The  blade*  were  operated  only  at  zero  lift  it  each  radial  section.  The  results 
irdlcate  that  the  tip  shape  change*  had  very  little  effect  on  the  overall  sound 
pressure  level.  Introducing  axial  velocity  to  blov  away  the  blade  shed  wake 
for  the  rotating  circular  blade  section  resulted  In  an  Increase  In  the  noise 
level,  while,  Tor  the  airfoil  section,  the  overall  no!*e  level  decreased. 

maODUcTics 

"Cler  ncl*e  is  a  *x)cr  operating  problem  of  helicopter  and  propeller 
driven  aircraft.  The  development  of  satisfactory  Nethods  Tor  predicting 
so- call  el  "vertex  r^l*e“hax  been  an  objective  of  the  helicopter  and  propeller 
Industry,  but  a  lack  of  experimental  data  has  retarded  this  eoal.  nr  example, - 
In  reference  1,  Yu Mrs  encountered  difficulties  In  the  experlaental  separation 
of  rotational  and  vertex  noise.  Also,  Dewing,  reference  2,  sUtes  that  gusts 
cf  wind  av/  cause  the  sound  pressure  to  vary  considerably. 

The  origin  of  "vertex  noise"  Is  controversial.  In  reference  },  Steve ll 
and  Demlrg  designed  special  rods  In  an  attempt  to  Isolate  peaks  In  the  spec- 
trsa  corresponding  to  the  Strouhal  frequency;  however,  they  found  that  such 
attempts  were  unsuccessful.  More  recently,  the  origin  of  vortex  noise  has 
beer,  attributed  by  seme  to  Von  XiraAn  vortex  shedding  and  by  others  to  turbu¬ 
lence  ahead  cf  the  blade.  For  example,  referer.ee  L  assumes  that  the  oscil¬ 
lating  blade  surface  pressures  are  associated  with  the  sheddlrg  of  rldles 
resulting  free  vortex  street .effects*  whereas  reference  5  Indicates  that  the 
vortex  noise  Is  associated  with.tbe  random  turbulence  aheal  of  the  blnie, 
which  in  turn  causes  surface- presrure  oscillations. 

A  shortage  of  experimental  Information,  on  vortex  noise  had  retail  the 
major  Impediment  to  devising  art  correlating  theory  with  teit  results.  To 
help  overcoat  this  obstacle, :the  NASA  Langtry  Research  Center  has  recently 
completed  a  test  program  within  the  Larglcy  full-scale  lur.nel  ard  cut-doors. 

The  test  prtgrws  consisted  ©f  r.olxe  measurements  for  a  rotor  eperatlrg  at  zero 
lift  for  two  airfoil  sections.  The  tests  Ir.eluled  rotor  operation  with  the 
blades  rotating  In  their  cwnshed  wak*  wvi  wtth  the  blade  wake  blown  dew*, 
strews.  The  two  blade  section*  were  a  circular  pipe  a*vd  an  WJA  COl?  airfoil 
section.  Both  blade*  had  the  sws*  ff*,#*  diameter  a M  blade  thickness,  namely, 
f»G5  %  anl  cm,,  respectively.  For  the  wind-on  conditions,  the  MCA  CCI? 
s*ttlen  blade  was  provHed  wlth  a  helical  twist  so  the  airfoil  operated  at 
zero  lift  alt  along  it*  span.  Varlcu*  blade-tip  configuration*  were  tested. 

SHOW 

D  rotor  diameter,  • 

f  frefsency,  Ks 


N  rotor  rotational  speed,  rpm 

R  rotor  radius,  m 

r  hall  radius  (see  text  for  definition),  m 

V  velocity  along  the  axis. cf  rotor  rotation,  m /sec 

n  rotor  angular  speed,  rad/sec 

TESTS 
Test. Setup 

The  Indoor  tests  we*e  conduct***  In  the  Imngley  9.15  *  10.  J  a  full-sc*ile 
wind  tunnel.  A  schematic  sketch  of  the  test  setup  drawn  to  scale  Is  shown  In 
figure  1  and  a  photograph  of  the  setup  Is  shown  In  figure  2.  The  rotor  rota¬ 
tional  axis  was  In  the  center- of  the  tunnel  and  approximately  *  above 
the  ground  board.  The  pertinent  microphone  locations  are  Indicated  by  the 
solid  dots  in  figure  l.  The  microphones  shown  arc  alined  with  or  at  to 
t!.e  rotor  rotational  axis.  The  zero-wind  indoor  tests  were  duplicated  In  the 
outdoors.  For  the  outdoor  tests  the  rotor  axis  was  alined  parallel  to  and 
approximately  2.M*  a  above  the  ground  level.  The  recording  microphones  were 
located  at  every  22.5°  azimuth  angle. end  at  a  2-dlameter  distance.  The  out¬ 
door  tests  were  conducted" to- obtain  a  reverberation  evaluation  of  the  full- 
scale  tunnel. 

Full-Scale  TNinnel  Reverberation  Effects 

The  question  of  the  reverberation  effects  arises  whenever  acoustic  meas¬ 
urements  are  mate  in  a  closed  chamber.  Two  separate  test  programs  were  con¬ 
ducted  in  order  to  answer -thi question.  The  first  program  consisted  of 
identical  tests  conducted  with  the  rotors  inside  the  tunnel  and  outdoors 
under  zero-wind  conditions.  The  second  program  via  conducted  Inside  the  test 
chamber  only  and  was  dlrccUd-speclflcally  toward  obtaining  directivity. and 
reverberation  times  within  the  test  chamber. 

Comparisons  of  indoor  and  outdoor  nolte- frequency  spectra  for  two  differ^ 
ert  models  are  shown  In  figure  ^.  One  of  the  models  Is  the  blade  with  the 
circular  cross  section  aMtheother  is  the  Made  with  the  JIACi  C012  airfoil 
section.  The  comparison  Is  for  zero  axial  velocity  and  for  cne  microphone 
position,  namely,  at  a  distance  of  two  rotor  diameters  and  altr.ed  alorg  the 
rcter  rotational  axis.  The  comparison  of  the  amplitude  and  spectrum  distribu¬ 
tion  for  the  circular  blade  section  Is  quite  good.  For  the  KACA  001?  blade 
section  the  comparison!*:  also -quite  good,  but  not  so  good  as  for  the  circular 
Mate  section. 

With  Indoor  data  only,. an  evaluation  was  made  on  the  basis  of  noise  decay 
rate  with  dlstv.ee  (Inverse- square  taw).  The  measured  data  Indicated  a  V  to 
b-dB  dlffercr.fe  as  cempared  with  m. theoretical  free* field  value  cf  9*o>  «iB. 

This  difference  cf  about  > -UR  Is  the  magnitude  of  the  reverberation  effect. 

Sr.  addition  to  the  indoor- outdoor  nolte  comparison#  reverberation  teste 
were  con  fueled  in  the  test  chamber.  The  results  of  thl*  program  are  presented 
In  reference  F..  These- results,  for  zero- wind  velocity,  have  been  extrapolated 
for  the  models  tested  herein,  and  samples  of  the  conclusion*  are  presented' In 
figures  -  aM  %  for  the  two  different  rotor  Male  sections.  The  0°  azimuth 
jotlli'  on  these  figure*  Is  alined  with  the  rotor  rotational  nxl*  vector 
(using  the  rl^t-hvd  rule).  These  plots  are  In  teres  of  the  hall  radius 
divided  by  the  rotor  diameter.  The  halt  radius  I*  defined  as  the  distance 
free  the  «wr<e  where  the  seund  pressure  frtm  the  direct  field  equal*  the 
space  average  sound  pressure  of  the  reverberant  field.  In  other  word*, 
aceusltc  measurements  at  one  hall  radius  will  be  5  dR  above  the  cwMjpoailrg 
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free-field  MUUNMntB,  Further,  at  4  distance  of  ooe-half  the  hall  radius, 
this  dlfftrsnc*  would  bt  141.  I*  general,  th«  or  1  final  teit-ehamber  acous- 
tlcal  evaluation  (ref.  6)  indicated  that  a  1000-Ha  frequency  band  rssulttd  In 
the  smallest  hall  radius.  Further,  for  eeUve-baM  center  frequencies  outside 
of  the  range  plotted,  the  hall  radius  Is  greater  than  that  for  a  frequency  of 
£50  Hi.  Figures  b  and  5  Indicate  that  microphone  positions  alined  with  and 
at  to  the  rotor  rotational  axis  at  the  2)  distance  are  Inside  of  or  near 
a  distance  of  one  hall  radius,  within*  exception  of  the  1000-H*  frequency 
hand.  Therefore,  except  for  the  lOOQ-Es  hand  the  Indoor  data  presented  herein 
should  he  between  1  and  5  dB  too  high.  Comparison  of  the  two  Methods  of 
evaluating  the  test-dibber  reverberation  effects  stksa  that  use  of  the  hall- 
rad  lu*  concept  indicates  less  reverberation  than  the  comparison  of  the  indoor 
and  outdoor  «easur«ents. 

RESULTS  A»  DISCUS8I0IB 

A  plot  of  the  radiation  pattern  is  presented  in  figure  6  Tor  the  two 
rotor  blade  sections.  This  is  based  on  outdoor  measurements  and  presents  the 
overall  sour.-!  pressure  level  at  a  two- rotor-dimeter  distance  with  xero  axial 
velocity' and  for  variation*  in  rotor  rotational  speeds.  The  xero  angle  lx 
alined  with  the  rotor  rotational  axis  (using  the  right-hand  rule).  The  data 
Indicate  that  the  imitation  Is  nearly  sy»etrical  about  the  90°  axlmith  angle, 
as  would  be  expected  for  xero-wlnd  conditions. 

For  the  circular  bladed  rotor,  figure  6(a),  the  radiation  patterrilndl- 
cates  almost  equal  radiation  In  all  directions.  Since  rotor  torque  will 
p reduce  dipole  radiation  in  the  plane  of  the  rotor  whereas  vortex  shedding 
will  prod-w  i I pole  radiation  along  the  axis  or  the  rotor,  figure  6(a) 

Indicates  that  the  radiation  pattern  of  both  noise  sources  are  nearly  equal. 
Further,  it  appears  that  the  radiation  pattern  Increases  equally  in  all  direc¬ 
tions  as  the  rotor  rotational  speed  Is  Increased. 

The  radiation  pattern  for  the  airfoil  bladed  rotor  lx  shown  In  figure  6(b). 
At  low  rotational? speeds  the  vortex  shedding  seen  to  be  the  predominant  noise 
source,  whereas  at  the  high  speed  the  torque  radiation  Is  dominant.  This 
behavior  Is  certainly  different  for  the  two  blade  sections.  The  reaeon  Tor 
this  difference  will  be  explored  farther  in  figures  7  end  8. 

Figure  7  Is  a  plot  of  the  1  /$  ettave  frequency  spectra  for  the  airfoil 
bladed  rotor.  Che  plot  1*  for  a  microphone  alined  with  the  rotor  rotational 
axis  (fig.  7(a))  and  the  other  plot  Is  for  a  microphone  In  the  blade  rotational 
plane  (flr>  7(b)).  Fret  figure  7(b),  It  Is  seen  that  for  the  higher  rotational 
speeds,  the  high-ampKtude  noise  levels  originate  In  the  low-frequency  spec- 
tnei,  namely,  50= to  12}  Hx  center-band  frequencies  This  result  Is  Indicative 
of  rotof  torque  or  blade  thickness  noise  radletlon. 

These  same  data  are  shown  scaled  In  figure  6.  The  amplitudes  were  scaled 
according  to  the- sixth  power  of  the  rotational  tip  speed  and  the  frequencies 
are  shown  divided  by  the  tip  speed.  This  flgirc  shows  that  the  data  alined 
with  the  rotor  rotational  axis  (fig.  8(a))  scale  well,  whereas  the  data  In 
the  blade  rotational  plane  (fig.  8(b))  do  not.  This  observation  Is  another 
manifestation  of  the  results  from  figure  6(b).  Figure  8(b)  shows  not  cnly 
that  amplitude  does  not  scale  but  also  that  the  sealed  frequencies  are  mixed. 

A  search  of  the  literature  show*  no  smplanatlon;  therefore, -It  Is  concluded 
that  this  strong  phenomenon  is  not  understood. 


tffaet  of  Tip  Shapes 

Vortex  noise  radiation  has  been  shown  to  be  proportional  to  the  velocity 
to  the  5.5  power  (e.g.,  ref.  5).  W  fer  the  largest  portion  of  the  noise 
level,  therefore,  originates  from  the  extrene  outer  pert  of  the  blade.  Thus, 
it  ml0it  be  reasoned  that  chenges  in  the  blade- tip  fluid  flow  conditions 
might  produce  lergs  changes  in  the  noise  level.  Further  wind-tunnel  tests  of 
loads  on  stationary  circular  cylinders: (refs.  7  and  8)  with  various  tips  had 
shoe  i  a  significant  effect  of  tip  shape.  In  order  to  confirm  this  Influence 
on  ro  uting  blades,  various  gsometrlc  tip  shapes  were  tested.  Ihe  results 
of  a  portion  of  these  teste  ere  shown  in  figure  9  for  a  microphone  position 
alined  with  the  rotor  rotational  axis  and  at  a  distance. of  two  rotor  diameters 
from  the  source.  From  figure  9  it  is  evident  that  the  various  blade  tip  shapes 
tested  did  not  produce  any  significant  difference  In  the  overall  sound  pressure 
level.  Similar  results  ware  obtained  for  other  microphone  positions. 

For  the  MACA  0012  bladsd  rotor  a  squared-off  blade  tip  and  a  blade  tip 
body  of  revolution  were  tested.  The  body  of  revolution  blade  tip  had  a 
radius  equal  to  one-half  the  blade  thickness  at  that  chord  station.  A  com¬ 
parison  of  the  noise  radiation  for  these  two  blade  tips  (fig.  9)  shows  the 
same  result: as  tests  with  the  circular  bladed  rotor#  that  is,  no  noticeable 
difference  In  the  overall  noise  level. 

On  the  basis  of  the  results  of  references  7  and  8  the  blade-tlp  flow 
conditions  are  certainly  changing.  However,  the  results  herein  indicate  that 
sow d  pressure  radiated  from  the  remainder  of  the  blade  dominates,  and  there¬ 
fore  the  effects  cf  tip  changes  are  unnoticed. 

Effect  of  Blade  Airfoil  B'-tlon 

Figure  10  presents  a  comparison  of  the  sound  pressure  level  for  the  two 
different  blade  cross  sections  (circular  and  RACA  0012)  with  and  without  axial 
velocity.  The  results  indicate  that  the  blade  with  the  circular  section 
makes  a  slpilflcantly  larger  noise  level  both  with  and  without  axial  fluid 
flow  when  the  blade  frontal  areas  are  equal.  This  conclusion  Is  In  agreement 
with  the  conclusions: In  reference  1,  where  It  Is  stated  that  the  intensity  cf 
vortex  sound  Increases  in  proportion  to  the  fotm  drag.  However,  Yudin  In 
reference  1  encountered  difficulties  separating  "rotational"  and  "vortex" 
noise  with  the  commincient  of  axial1  now.  This  difficulty  is  not  believed 
present  in  this  Investigation  because  the  blades  did  not  produce  lift.  Acous¬ 
tically,  It.  It  concluded  that  the  same  frontal  area,  rod,  and  airfoil  blade 
sections  behave  differently  and  this  difference  exists  when  the  rotor  operates 
with  or  without  axial  velocity. 

Effect  of  Turbulence 

An  attempt  was  made  to. determine  more  explicitly  the  origin  of  vortex 
noise.  Flgsre  11  depicts  the  effect,  for  two  different  microphone  positions, 
of  Imposing  a  small  axial  velocity  on  the  routing  blades  to  blow  their  shed 
wake  away  before  the  passage  of  the  following  blade.  One  microphone  It  alined 
with  the  rotor  roUtlonal  axis  and  the  other  Is  at  l)°  to  the  rotor  rotational 
axis,  loth  microphones  arc  at  a  distance  of_ two  rotor  diameters.  Recall  that 
the  rotor  with  the  airfoil  section  had  a  helical  twist  and  that  keeping  xero 
lift  on  the  entire  blade  span  requires  precise  combinations  or  rotational 
and  axial  velocity.  Therefore,  the  axial  velocity  for  this  model  varied  con¬ 
tinuously  with  each  change  In  roUtlonal  speed.  The  results  In  figure  11 
Indicate  that  the  introduction  of  astal  velocity  on  the  circular  blade  section 
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increase*  the  overall  sound  pressure  level  by  about  3  dBj  where**,  the  Intro¬ 
duction  of  axial  velocity  on  the  NACA  0012  bladed  rotor  resulted  in  a  decreese 
of  about  6  dB  in  the  overall  sound  pressure  level. 

Part  of  th*  reason  for  the  foregoing  results  might  be  explained  as 
follows:  The  airfoil  rotating  in  its  own  wake  contains  sets*  "rotational  noise" 
due  to  lift  which  is  caused  by  velocity  fluctuations  in  the  shed  wake.  These 
fluctuations  in  lift  do  not  occur  when  th*  shed  wake  is  blown  downstream,  thus 
resulting  In  a  decreased  noise  level.  Small  axlal-veloclty  fluctuations 
(present  when  the  blade  rotates  In  ita  cam  shed  wake)  will  produce  relatively 
large  lift  fluctuations  on  the  airfoil  section  because  of  its  high  11 ft- curve 
slope  but  would  produce  aero  lift  on  the  symmetrical  circular  blade  section. 

On  the  other  hand,  the  fact  that  the  circular  airfoil  section  produced 
*oi*  noise  when  its  shed  wake  was  blown  away  by  axial  velocity  cannot  be 
explained.  This  section  is  a  poor  aerodynamic  section,  so  that  blowing  th* 
wake  away  would  not  s*tm  to  affect  the  section  either  aero^-namically  or 
acoustically.  Introducing  axial  velocity  certainly  increases  the  dynamic 
pressure  on  the  blade)  however,  the  vectorial  addition  of  the  axial  velocity 
and  tangential  velocity  vectors  will  not  produce  a  sufficient  Increase  in  total 
head  to  explain  the  2  to  3  dB  Increase  In  sound  level. 

CONCLUDING  REMARKS 

An  experimental  investigation  was  conducted  to  define  farther  the  char¬ 
acteristics  of  vortex  noise  generated  from  a  rotating  blade  system.  The 
analysis  of  the  data  indicates  th*  following  results: 

1.  A  comparison  of  the  amplitude  and  tpectnm  distribution  for  two  models 
tested  in  th*  wind  tunnel  and  outdoor*  is  good.  Evaluation  of  the  wind-tunnel 

,/erberation  from  th*  Inverse- square  law  of  the  overall  sound  pressure  levels 
.  *  also  relatively  good.  Further,  the  test  chamber  "hall  radius"  has  been 
determined  fer  the  two  different  blade  sections  operating  in  the  wind-off 
condition. 

2.  The  sound-pressure  radiation  pattern  Indicates  that  for  the  circular 
bladtd  rotor,  the  noise  level  increases  equally  in  all  directions  with  increase 
in  rotor  rotational  speed,  whereas  th*  radiation  pattern  for  the  airfoil  bladed 
rotor  Increases  more  rapidly  in  the  plane  of  the  rotor  than  along  tie  axis  of 
th*  rotor  with  Increasing  rotor  rotational  apeed.  Th*  reason  for  tills  Is 
presently  not  understood. 

>.  The  blade  tip  shapes  tested  did  not  show  any  appreciable  I'ffect  on 
overall  sound  pressure  level. 

V.  The  circular  section  is  much  the  noisier  of  ike  two  sections  even 
though  the  frontal  areas  of  both  blades  were  the  same.  This  result  confirms 
previously  found  results  indicating  a  direct  relationship  betweer.  Increased 
noise  level  and  increased  form  drag. 

3.  The  introduction  of  axial  velocity  to  blow  w*-y  *he  turbulent  shed 
wake  of  one  blade  before  the  passing  of  the  following  blade  cauied  a  decrease 
of  approximately  6  dt  In  the  noise  level  of  the  airfoil  seetior  at  compared 
to  tt«  ease  for  aero  axial  velocity,  tart  of  the  explanation  uf  this  result 
would  seem  to  be  that  small  axial* velocity  fluctuations  (present  when  the 
blade  rotates  in  Its  shed  wake)  would  produce  relatively  larger  lift  fluctua¬ 
tions  on  the  airfoil  section  because  of  its  high  lift-curve  slope,  but  would 
produce  sero  lift  on  the  symmetrical  circular  blade  section. 
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Figure  1.-  Test  setup. 


Figure  2.-  Test  setup. 
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Vertex  nolst  produced  by  an  isolated  ncnrotatlng  airfoil  in  low -turbulence  flow 
is  being  Investigated  analytically  and  experimentally.  Th!i  paper  servo  as  a  progress 
report  on  the  not  yet  completed  Investigation.  Surface  aM  far-fleld  acoustic  spectra 
and  cross -correlations  were  obtained  with  full-span  and  scaispan  RACA  0012  airfoil 
models  of  9*!n.  (23  cm)  chord.  Tfcese  were  tested  In  a  seal-open  Jet  with  solid  side- 
walls  21-th*  (33  cm)  apart  open  Jet  boundaries  above  and  below  the  test  section. 
Airspeeds  reamed  from  about  100  to  670  fps  (30  to  200  m /sec),  providing  a  range  of 
Reynolds  number  from  0.5  x  1</*  to  2.7  x  10^. 

At  1cm  Reynold*  numbers,  the  observed  far-fleld  spectra  were  dominated  by  a 
discrete  tone.  The  Intensity  of  this  tone  Increases  to  a  maximum  and  then  decreases 
with  increasing  velocity.  The  airfoil  noise  could  not  be  detected  above  the  far-fleld 
background  noise  for  high  Reynolds  nuesers  end  law  angles  of  etteck.  The  measured 
surface  pressure  spectra  then  were  typical  of  those  expected  for  turbulent  boundary 
layer  pressure  fluctuations. 

An  approximate  analytical  method  for  describing  anl  predicting  the  surface  and 
far-fleld  tone  noise  phenomena  Is  being  developed. 


rSTRCOUCTICK 


Are.  I  copter  rotor  generates  three  major  types  of  noise:  perl  ©lie,  Interference, 
enl  vortex.  The  periodic  noise  Is  caused  by  the  pressure  pattern  of  the  rctor  blale's 
thickness  and  I5f\  dlstr'Vullon.  That  pattern  varies  once  per  revolution  relative  in 
tbo-llaf*  etj  Is  C'.red  pe.at  *n  observer  as  the  Made  rotates.  Interference  noise  1 . 
caused  by  relative  motion  tetw«f>  the  tlaic  and  an  adjacent  physical  or  aerodynamic 
obstruction  (a  fuselage  cr  another  blade's  tip  vortex).  The  remaining  type  of  noire, 
vertex  noise.  Is  caused  by  interaction  of  a  blale  with  Its  own  boundary  layer  ant 
near  wake.  Vortex  noise  Imposes  a  floor  on  the  nolsc_ generated  when  rotor  loading 
and  interact!— s  have  been  minimized.  This  the  study  of  vertex  noise  is  Important 
since  It  represents  a  practical  minimum  limit  cn  helicopter  rotor  noire  an!  force  an 
interesting  problem  In  basic  fluid  dynamics* 

Prior  to  studying  the  vortex  noise  of  rotating  blades,  it  would  be  useful  tn 
understand  the  simpler  problen  of  the  vortex  noise  produced  by  a  ncnrotatlng  airfoil. 
This  verttx  noise  will  be  accompanied  by  broadband  noise  from  lift  fluctuations 
Induced  by  upstream  turbulence  and  from  pressure  fluctuations  within  the  air roll's 
turbulent  boundary  layer.  The  only  analytical  description  of  vortex  noise  Is  itot  of 
Shetland  (Ref.  1),  which  does  not  permit  calculation  of  surface  pressure  fluctuation*.. 
Few  experimental  studies  are  available.  Host  of  these  were  conducted  with  lew  a-p«vi 
ratio  models  supportei  through  the  shear  layer  gnl  testel  at" relatively  lew  Reynold 
numbers  and  atght  not  be  representative  of  high  aspect  ratio  blades  at  full-scale 
condition-.*  Also,  the  contribution  of  free  stream  turbaler.ee  1©  previous.*  ntasured 
vortex  noise  characteristic*  It  not  fcsevn.  finally*  in  vertex  not**  tijerlmfii  «ily 
far-fleld  scuM  pressure  measure**nts  have  bean  made  with  nn^dcternlnation  of  airfare 


pressure  fluctuations  anl  correlation  areas.  Availability  of  such  data  would  be  useful 
for  separate  evaluation  of  different  assumptions  within  various  *<ortlcns  of  analytical 
methods  for  calculating  vortex  noise. 

Recently,  an  acoustic  wind  tunnel  was  constructed  at  thlted  Aircraft 
Research  laboratories.  This  tunnel  is  capable  of  testin'  airfoil  models  at 
full-scale  Reynolds  numbers  and  Mach  numbers  for  the  rotor  blades  of  small  helicopters. 
«uch  nodelr  are  large  enough  to  contain  commercially  available  mlrcophone  Instrumen¬ 
tation  for  measurement  of  very  weak  surface  pressure  fluctuations.  Provisions  have 
also  been  ma'e  to  ensure  a  very  low  turbulence  level  in  the  airflow  in  an  attempt  to 
minimise  Its  crfcct  on  vortex  nclse.  The  objectives  of  the  Investigation  described 
herein  were  (1)  to  obtain  airfoil  surface  and  far-fleld  acoustic  data  tn  that  wind 
tunnel  for  variations  of  velocity  and  incidence,  (2)  to  utilize  these  data  In 
evaluating  analytical  assumptions  concerning  details  of  the  process  that  generates 
vortex  noUe.  anl  (3)  to  combine  the  validated  assumptions  into  a  new  analytical 
method  for  predieting  airfoil  vortex  noise. 

The  experimental  effvrt  Is  being  fooled  by  Arm/  Research  Office  -  Durham  under 
Centrist  ho.  DAHCO*»-6?-c-OO09.  The  analytical  effort  is  being  conduct.  I  as  part  or 
the  Uilted  Aircraft  Research  Laboratories  Corporate -funl*  research  freer**.  Soth 
portions  of  U»lr  Investigation  are  in  progress  ar  or  the  oa^  of  this  report; 
cccpletlcn  v>!  preparation  of  a  final  report  are  scheduled  Ter  the  end  of  this  year. 

Th».  paper  therefore  should  be  regarded  a*  a  progress,  report  .at.arr  than  a  description 
Of  cceplef ed  effort  . 
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Acoustic  Research  Tunnel 

The  Ar.  •  t*e  Rerearch  Tunnel,  shown  schematically  In  fix.  1.  Is  a  controlled 
turbulence  level,  open  circuit,  open  Jet  wtr.1  tunnel  designed  specifically  for 
acroiynanlc  noise  research.  Insensitivity  of  test  section  flow  •  »  external  wind 
ccmiUon.  1.  achieved  by  the  .use  of  a  high  length  to  diameter  ratio  (7?)  honeycomb 
at  the  tunnel  inlet.  For  the  prez-et  experiment,  five  mesh  turbulence  suppression 
rreen.-  were  provided  In  the  Inlet.  »se  of  the  screens  In  conjunction  wtih  a 
cviirifM-a  rvo  <  f  1“  produced  »-"»h  a  liv  turbulence  lrvM  and  a  spatial  mean 
velocity  dl  itribuli.-n  in  the  tett  seetten  measured  tote  uniform  to  within  -fl.?5  percent. 
The  rat»  vf  the  m*  (truest  'urhiierti  velswlty  rlact'^'ln  re  an  n-loeliy  was  neasurel 

to  be  less  than  percent  fer  frqgftclts  above  ?%  IU.  The  ©pen  Jet  Is  contained 
vtthlr.  a  It*  ft  hiid).  I’d  ft  long  (axial  direction),  anl  22  ft  wide  *ealed  reinforce! 
concrete  chaster  line!  with  one  foot  fiberglass  wedges.  Measurement?  of  the  chamber 
aeouiitr  pmp**n.e  have  demons t rated  that  the  chamber  Is  anethole  (b  dR  decreare  In 
•h  per  •  f  ll.Uioce  free  -«iree)  for  frequencies  a*  anl  abwe  2*i0  Hz. 

fU-ure  .  howa  the  te  1  section  arrangement  caployed  In  the  present  study*  A 
ref*t*v*»inr  *e-»  ieetlcn  j|  In.  M/h  by  21  In.  wide  with  *  In.  rouniel  comers  wax 
tn  tn  pr-vit-  L^-liodiilcMl  fljw.  To  provide  a  uni  fora  xpanvlse  variation  of 
1  noting  '•a  fuil-pan  Hr  Toil  model-.,  th*  vertical  side*  or  the  Jet  were  closed  with 
^ideptate  ex  telling  from  the  contraction  outlet  Into  the  J»t  collector  Inlet.  The 
‘X  ideplate  eliminate!  the  need  if  extend  the  alrfctl  or  airfoil  xupperi 
thrwigh  the  thick,  highly  turbulent  Jet  shear  region  which  vwjld  normally  exist  In 
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their  ikMM*.  With  ilteplitu  installed,  variations  in  s^wIm  velocity  distribution 
occur  only  in  tbs  sidspUU  boundary  layars.  The  sldeplates  vara  coo*  true  tad  of 
aluminum  vith  a  snoot h  finish  and  vara  not  acoustically  traatad. 

To  isolate  tha  airfoil  models  fron  vibrations  of  tha  tunnel  stricture,  tha 
airfoils  vara  dlractly  supported  fron  tha  ana c hole  chamber  floor.  A  1/2-ln.  annular 
clearance,  filled  vith  sponge  rubber,  provided  isolation  between  tha  sldaplatas  and 
tha  airfoil's  circular  and  supports. 

Tha  seal -open  Jet  vas  collected  at  the  diffuser  entrance  by  a  Jet  collector. 

The  Interior  edge  of  tha  collector  vas  located  on  tha  constant  mass  flux  streamline 
which  divides  the  mean  Jet  flow  fron  the  ebaaber  recirculation  pattern.  This 
positioning  helped  to  minimize  streaallne  distortion  in  the  test  section.  Based  upon 
model  tests,  a  L-ln.  radius  collector  lip  vas  provided  which  mlnlelzrd  the  background 
noise  due  to  shear  layer  •-  collector  lip  interaction.  In  addition  to  thit  broadband 
noise,  an  aeeustlc  coupling  betveen  the  contraction  outlet  ani  the  collector  lip 
produced  strong  discrete -frequency  background  noise  (edge  tones)  at  certain  tunnel 
speed-.  To  suppress  this  noise  source  mechanism,  an  array  of  20  zaall  triangular 
tabs  projecting  1/2  in.  Into  the  Jet  vere  installed  at  the  contraction  outlet.  Based 
cn  the  oeasured  variation  of  tunnel  background  noise  with  open  Jet  length,  a  test 
section  length  of  30  in.  vas  chosen  for  the  present  experiments. 

The  three-stage  diffuser  located  dewnstream  of  the  Jet  collector  operates 
unstalled  and  is  the  re  fere  not  *  major  source  of  background  noise.  To  attenuate 
tunnel  fan  noise,  an  absorptive  Z -shaped  muffling  section  consisting  of  parallel 
fiberglass  baffles  ani  lined  bends  la  located  betveen  the  dtrfuser  and  fan  inlet. 

For  frequencies  above  which  the  chamber  Is  anecholc  (2 y>  Hr),  the  fan  muffling  Is 
sufficiently  high  that  the  background  noise  level  In  the  chamber  Is  set  by  nelse 
radiated  frem  the  Jet  shear  layer  and  from  the  shear  layer  ••  collector  Interaction. 
?adlal  vanes  located  at  the  Inlet  of  the  1000  rpn  centrifugal  fan  provide  continuously 
var!‘.ble  test  section  velocities  frem  €0  to  670  ft/sec.  Tunnel  speed  la  determined 
from  total  pressure  at  the  contraction  Inlet  and  static  pressure  from  a  ring  of  taps 
at  the  contraction  outlet.  Fluctuations  in  tunnel  speed  vith  time  vere  measured  to 
be  less  than  -?,5  percent. 

Models  and  Instrumentation 

Three  airfoil  models  of  9*ln.  chord  vere  fabricated  for  this  program.  Two  have 
XACA  0012  sections  and  the  third  has  an  XACA  0010  section.  Cne  of  the  XACA  0012 
airfoil  models  and  the  XACA  0018  airfoil  molal  completely  span  the  21-In.  vide  UAAL 
Aeeustlc  Research  Tunnel  test  section.  The  other  model  spans  only  half  of  the  test 
section  and  has  a  tip  relrlng  to  simulate  a  wing  tip.  TV  models  were  fabricated 
from  stainless  steel  with  a  surface  finish  of  approximately  33  micro-inches.  A 
tolerance  of  n>.9!0  in.  was  obtained  with  0.006  to  0.015  In,  discontinuity  «n  the 
instrumented  side  and  less  than  0.035  in.  on  the  other  side.  Cravings  of  the  three 
airfoil  moiels  are  presented  in  Figs.  3  and  «.  The  airfoils  were  mounted  as  ah<*»n 
in  rig.  2  with  the  leading  edge  9*5  in.  downstream  of  the  inlet  contraction  lip. 

TV  mounting  vas  designed  to  permit  variations  tr.  airfoil  angle  of  ettack. 

The  microphone  Installation  sketched  In  Fig.  I*  required  a  minimum  of  0.75-ln. 
airfoil  thickness.  In  erder  to  obtain  microphone  positions  between  15  and  50  percent 
chord  of  an  XACA  0012  airfoil,  a  9-In.  airfoil  chord  vas  required.  Bruel  A  XJeer  (MX) 


condenser  microphones  vert  used  because  of  their  high  sensitivity  to  pressure 
fluctuation  and  low  sensitivity  to  vibration  and  temperature  changes.  From  the 
results  of  small-scsle  tests  conducted  with  microphones  flush  and  cavity -mounted, 
it  vaz  decided  to  flush-mount  the  microphones  to  avoid  cavity 
resonance.  It  vas  also  decided  to  test  without  the  microphone  grid  to  avoid  high- 
frequency  noise  caused  by  the  grid.  The  microphones  in  the  sirfoll  vere  optically 
aligned  to  within  0.00b  in.  of  the  elrfoil  surface.  An  annular  gap  of  0.000  In. 
existed  around  the  installed  microphones.  The  microphones  vere  Installed  in  a  manner 
similar  to  that  described  in  Ref.  2.  In  order  for  the  microphones  to  be  flush  mounted 
In  the  airfoil  surface,  BUC  right-angle  edapters  bad  to  be  used.  The  lA-ln.  micro¬ 
phones  were  the  smallest  for  which  such  adapters  are  made.  As  shown  in  Fig,  3,  five 
l/b-in.  BUC  microphones  were  located  on  the  XACA  0012  airfoil  models.  Four  were 
fixed  at  one-third  span  and  1$,  38,  50,  end  70  percent  chord.  The  right -angle  adapter 
vas  rebuilt  in  order  to  fit  within  the  airfoil  section  at  70  percent  chord.  The  fifth 
microphone  vas  mounted  at  30  percent  chord  In  a  slider  which  allowed  spenvise  travel 
(Fig.  3).  For  the  half-span  model.  Inserts  were  used  to  close  the  gap  caused  by 
movement  of  the  slider.  To  obtain  far-fleld  pressure  measurements,  a  1/2-ln.  microphone 
vas  mounted  on  a  boom  7  ft  above  the  tunnel  centerline. 

Data  vere  acquired  or.  line  with  swept  one-third  octave  and  10  Hz  filters  and 
real-time  correlations.  A  BUC  Audio  Frequency  Spectrometer  (7Vpe  2113)  coupled  with 
a  PUC  Level  Recorder  (Type  2305)  produced  the  one-third  octave  spectra.  All  sound 
pressure  levels  In  decibels  were  determined  for  2  x  104*  dynet/cs?  reference  pressure. 

A  Qoan-Tech  Wave  Analyzer  (Model  305*R)  produced  the  10  Hz  spectra  ani  a  Cal cor 
Correlation  and  Probability  Analyzer  (SAX-&2)  the  ccrrelograms. 

The  microphones  were  calibrates  with  a  BUC  Plstonphone  st  250  Hz  ani  with  a 
General  Radio  Calibrator  at  125  ,  250,  500,  1000,  and  2050  Hz.  An  acoustic  coupler 
fabricated  at  UARL  vas  used  during  calibration  of  the  surface  microphones.  The 
signals  were  filtered  (with  II2A  type  55D  ?5  fillers)  when  using,  the  correlator  in 
order  to  remove  lev -frequency  noise  associated  with  the  tunnel  drive  fan. 

A  BUC  Accelerometer  (Type  **336)  was  Installed  In  the  airfoils  as  sh^n  In 
Figs.  3  end  **.  This  accelerometer  operated  in  conjunction  with  a  Rtf.  Vibration 
Mck-*rp  Preamplifier  (Type  1606)  and  Microphone  Amplifier  (Type  2603).  The  aecelerometet 
was  calibrated  at  tO  Hz  with  the  Vibration  Plck-l^  Preamplifier. 

racRiPncx  of  analytical  ktkco 

A  general  framework  for  studying  the  acoustle  radiation  caused  by  vortex  noise 
Is  provided  by  the  relationship  between  surface  pressure  and  the  far-fleld  radiated 
sound  field,  within  this  framework,  measured  or  analytically  predicted  surface 
pressure  fluctuations  can  be  used  to  predict  the  radiated  aeoustic  field  cf  an  alrfol) 
undergoing  vortex  shedding.  In  addition,  such  a  framework  can  be  used  to  help 
interpret  aerodynamic  and  acoustic  data  and  to  evaluate  assumptions  vitnin  various 
analyses  of  vortex  noise. 

The  theoretical  foundations  for  relating  surface  pressures  on  a  body  In  a  fluid 
to  the  sound  produced  by  thta  body  were  originally  developed  In  Rif.  3  and  later 
generalized  to  R*fs.  *»  and  5*  These  analyses  permit  the  sound  proluced  by  the  boly 
to  be  expressed  in  term*  of  a  distributing  of  mor.epolc*  and  dipoles  on  the  surface  of 
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the  body.  Sine*  the  monopolt  distribution  is  proportional  to  the  normal  velocity  of 
the  surface,  u»d  since  the  elrfoll  for  the  present  axperiment  is  stationery  relative 
to  the  free  stress  velocity,  the  monopolt  tern  is  zero.  Thus,  only  the  dipole 
distribution  over  the  surface  contributes  to  the  noise.  If  the  surface  loading 
(or  pressure)  at  each  point  on  the  airfoil  Is  known  as  a  function  of  time,  the  far- 
field  sound  pressure  produced  by  the  airfoil  can  be  calculated  by  integration  of 
Eq.  (2.10)  of  Ref.  L  over  the  alrfcll  serf ace,  l.e.,  by 


,  f  .  VC  ^  TC  '!*.? )  . 

-  <?  }G(u,*m)C 
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where  the  A  axis  is  in  the  new  direction,  the  y  axis  is  in  the  span  direction,  an! 
s  ncraal  to  the  span.  In  general,  however,  for  a  rurvioa  or  ncndetcmlnlstlc  process, 
the  detailed  distrlbutl"-.  of  airfoil  loading  ?s  a  function  of  time  and  position 
required  for  evaluation  of  Eq.  (1)  is  not  fcn'-am.  This  equation  must  then  be  cast 
in  ter  as  of  functions  characteristic  of  ranlc*  processes  such  as  the  loading  power 
spectrua  and  correlation  length. 

The  Ibwer  Spectral  Density  (PSD)  In  the  far  field  is  obtained  by  multiplying  the 
Fourier  transfer  of  Eq.  (1)  by  its  complex  conjugate.  When  this  ic  done,  Kq.  (2)  Is 


Tt.-  -  _  ,  /  f  i  r  .  "■ 
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This  equation  relates  the  PSD  In  the  far  field  to  the  cross *c or relation  of  surface 
pressure  fluctuations  co  the  airfoil  and  is  valid  far  any  loading  distribution. 
Significant  amplification  of  this  equation  Is  possible  f<.r  random  processes  whose 
dominant  wavelengths  are  w.ch  larger  than  the  linear  dimensions  of  the  regions  on  the 
airfoil  over  which  pressure  fluctuations  are  correlated  or  in  phase.  These  regions 
are  consider.^  correlation  areas.  It  Is  Important  to  note  that  the  phasing  between 
correlation  areas  1c  random  for  n  random  process.  This  peralts  the  airfoil  PSD  to  be 
computed  by  stuping  up  the  separate  PSD  contributions  of  each  area.  If  the  process 
is  deterministic  (l.e.,  not  random)  then  even  though  regions  .cn  the  airfoil  can  be 
found  over  which  pressure  fluctuations  are  in  phase,  the  contributions  frea  each  area 
cannot  te  aiied  separately  since  the  phasing  between  areas  is  not  random.  In  thin 
ease,  the  contlbutlon  cf  all  the  "ar«.as"  to  the  pressure  »jst  be  computed  first  and 
then  the  BD  obtained.  Thus,  for  deteralnlstic  processes,  the  concept  of  correlation 
area  loijs  some  of  iu  physical  appeal. 

The  assumption  that  the  wavelength  Is  large  compared  to  a  correlation  area  Is 
equivalent  to  a  compact  source  assumption.  This  assumption  allows  the  exponential 
phase  In  the  Integral  of  Eq.  (2)  to  be  neglected,  significantly  simplifying  the  Integral. 
Use  of  the  compactness  assumption  Is  valid  If  the  difference  in  distance  from  the 
observer  to  any  two  points  within  a  correlated  area  is  small  compared  to  an  aeoustlc 
wavelength.  This  assumption  will  be  met  if,  as  discussed  above,  the  correlation  length 
Is  small  compare!  to  a  wavelength.  The  assumption  can  also  be  set  If  the  far  field 
observer  Is  directly  above  the  airfoil  since  all  points  of  the  airfoil. will  then  be 
equidistant  from  the  observer  (for  an  airfoil  with  small  caaber  and  angle  of  attack). 
This  Is  sn  important  point  since  the  ;  axis  Is  also  where  most  of  the  far  field  aerczttc 
measurements  are  being  made. 


Tha  neglect  of  the  exponential  factor  in  Eq.  (2)  for  either  of  these  two  reasons 


then  allows  a  correlation  area  to  be  introduced  as 


For  a  random  process,  this  area  takes  on  the  physical  significance  discussed  earlier* 
The  far  field  PSD  can  now  be  written  as : 


Equation  (b)  la  now  in  a  form  ehlch  can  be  easily  .interpreted  and  in  which  Sc  and 
Sqq  can  be  obtained  from  surface  pressure  ucesureaents  and  correlations.  As  can  be 
seen,  Eq.  (*»)  essentially  sums  the  contributions  of  each  correlation  area  cv*r  the 
whole  airfoil  as  discussed  above.  It  is  generally  valid  for  all  field  point 
locations  if  the  wavelength  is  large  compared  to  the  correlation  length  ani,  in 
particular,  is  exaet, independent  of  wavelength  Tor  field  point  locations  directly 
above  the  airfoil. 

If  airfoil  vortex  noise  Is  assumed  to  be  a  broadband  raniom  process,  as  in  Ref.  1, 
the  far  field  BD  given  by  Eq.  (*»)  can  be  integrated  over  all  frequencies  ani  over  a 
spherical  area  surrounding  the  airfoil  to  obtain  the  total  radiated  eneror.  This 
procedure  yields  Eq,  (3)  of  ftef.-l.  It  was  assumed  In  that  analysis  that  broaiband 
noise  was  caused  by  fluctuating  loadings  generated  by  fluctuations  of  near-wake  flcv 
direction.  The  center  frequency  of  this  broadband  noise  was  taken  a*  that  for  •  Strouhal 
number  of  0.2  referenced  to  airfoil  maximum  thickness.  The  correlation  area  was  taken 
equal  to  the  maximum  eddy  site,  which  was  assumed  to  have  a  linear  dimension  equal  to 
the  airfoil  half-thickness. 

An  alternate  approach  is  obtained  by  assuming  that  vortex  noise  occurs  ax  a 
discrete  tone,  as  was  observeJ  In  this  experimental  program.  The  aeroiynamic  behavior 
of  the  near-wake  fluctuations  and  surface  pressure'  fluctuations  that  radiate  noise  to 
the  far  field  could  then  be  examined. 

An  approach  to  calculation  of  near-wake  fluctuations  had  been  developed  by 
ICrzywoblockl  (Ref.  6)  to  predict  the  buffeting  of  aircraft  tall  surfaces  caused  by  the 
wing  wake.  In  that  analysis,  It  we?  recognized  that  the  wing  proluces  a  steady  bouniary 
layer  that  becomes  unstable  as  It  flws  Into  the  wake.  For  sufficiently  lew  Reynolds 
niatbers,  the  near  wake  then  develops  Into  a  periotic  Kerman  vertex  street.  Some  fraction 
of  the  vorticlty  generated  by  the  boundary  layer  during  cne  period  of  the  vortex  street 
then  would  be  concentrated  to  comprise  each  vortex.  The  wing  pressure  distribution 
must  fluctuate  tn  response  to  formation  aM  downstream  movement  of  vortices  in  the 
near  wake.  The  change  In  airfoil  lift  force,  and  hence  the  raiiated  acoustic  energy, 
could  then  be  calculated  from  the  circulation  of  eactrvorlex.  This  circulation  would 
depend  on  the  freqseney,  which  should  be  that  for  a  constant  Strouhal  n sober  referenced 
to  the  near-wake  thickness.  It  was  Incorrectly  assumed  in  Ref.  6  that  the  relevant 
thickness  was  the  projected  maxim*  thickness  of  the  airfoil.  For  thin  airfoils  having 
smooth  pressure  distributions,  It  is  assumed  herein  that  the  tMekness  of  a  laminar 
boundary  layer  at  the  airfoil  trailing  edge  should  be  useJ.  The  lift  force  would  be 
caused  by  vortices  in  the  near  wake  rather  than  by  airfoil  incidence.  As  can  be  seen 
from  Fig.  J  of  Ref.  7,  the  chordwlse  distribution  of  loading  due  ts  a  vertex  in  the 
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near  wake  would  be~  relatively  constsnt  along  moat  of  the  chord  and  peaked  mar  the 
leading  and  trailing  edges,  tn  ccntraat,  the  loading  caused  by  fluctuating  Incidence 
was  shown  in  Ref.  7  to  resemble  that  for  steady  incidence  (sharply  peaked  near  the 
leading  edge  and  decaying  smoothly  to  zero  at  the  trailing  edge). 

If  the  pressure  fluctuations  on  the  airfoil  are  caused  by  vortices  located  in  the 
near  wake,  relatively  little  variation  of  ulong  the  chord  would  be  expected  except 
near  the  leading  and  trailing  edges.  Also,  tie  surface  pressure  fluctuations  masured 
at  low  Reynolds  number*  and  described  la  a  following  portion  of  this  report  had 
relatively  little  variation  along  the  instrumented  obordwlse  region,  the  dominant 
portion  of  the  measured  PSD'*  was  a  discrete  tone,  Therefore  the  power  spectral 
density  of  the  serfaee  pressure  fluctuation  at  each  spthMlse  position  was  assumed  to 

jj 

occur  at  only  one  frequency  f  •  / (2**)  and  to  be  independent  of  chordvlee  position. 


Into  vortex-street  circulation,  multiplied  by  ttfl  period  of  the  fluctuation,  must 
equal  the  circulation  of  each  vortex. 

r  •(£)(*)•  f 


The  fluctuation  of  airfoil  lift  force  would  be  proportional  to  the  circulation  and  also 
to  the  product  of  airfoil  chord  and  the  chordw 1st -average  surface  pressure  fluctuation. 


*  <,f  jr 


Combining  Eqs.  (9),  (10),  and  (11). 


‘■ft*:  *  **.*»  (if 


or.  In  teras  of  Reynolds  nuaher. 


fer  a  discrete  ten*  and  Z  equal  to  r,  Eq.  (*»)  becomes 


?  -•  -i ",  J*: 


For  a  two-dleenslcn*l  airfoil  of  span  b,  the  correlation  area  and  the  surface  jicssure 
fluctuation  (and  Us  frequency)  should  be  Independent  of  spanwise  position.  Then 


so  Use  ratio  cf  correlation  area  to  planform  area  could  be  determined  experimentally 
fr cm  the  measured  frequency  and  the  measured  pressure  fluctuations  on  *!<e  surface  and 
tn  the  far  field.  Also,  the  correlation  area  fot  each  surface  microphone  location 
could  be  aeasured  by  cross-correlation  with  the  otter  surface  microphones. 

At  shewn  In  the  next  section,  It  ts  observer  chat  vertex  tene  noite  occurs 
when  a  lanlnar  boundary  layer  Is  expected  along  most  of  one  or  both  surfaces  of  an 
a'rfoll.  The  thickness  of  a  laminar  boundary  layer  at  the  trailing  edge  would  be 
approximately 


where  R  Is  the  Reynolds  number  based  on  airfoil  chord.  If  the  Strouhal  number  fi/U 
Is  assumed  ecnstsnt  when  referenced  to  the  laminar  boundary  layer  thickness  at  the 


J  •  4  *  N,  ■J  <-  W 


where  K\  would  be  1/60  If  the  Stroubal  number  were  equal  to  0.2  referenced  to  twice 
that  thickness.  The  tone  frequency  therefore  1*  predicted  to  vary  with  velocity  to 
the  3/2  power  and  to  be  Inversely  proportional  to  the  square  root  of  airfoil  chord. 

The  rate  at  which  vortlclty  Is  convetted  within  an  attached  boundary  layer  was 
j rra«n  In  Vol.  J,  Section  52  of  *tf.  3  to  to  (1/2)7*.  It  Iw  bm  CouM  for  bluff  trail. I 
Out  .pproiljwt.ly  h*lf  of  tht  vortlclty  (f.f.  6,  Vol.  11,  5.etlon  2U>)  u  trMiport.1 
Into  tlw  Ifttlvl-tu.l  .ill.*  thtt  reprise  th.  verier  .trt.t  oolth*  rwolM.r  cwic.U 
Itself  or  breaks  devrj  into  turbulence.  This  rate  at  which  vortlclty  Is  transformed 


The  product  of  the  two  constants  ^  and  can  than  be  evaluated  experimentally  fxen 
measured  surface  pressure  fluctuations  and  tone  frequency.  From  Eq.  (13) »  the  ratio 
of  average  surface  pressure  fluctuation  to  fret-stream  dynamic  pressure  Is  expected 
to  vary  Inversely  with  the  square  root  of  Reynolds  number.  In  contrast,  the  surface 
pressure  fluctuations  caused  by  velocity  fluctuations  within  a  turbulent  boundary 
layer,  divided  by  dynamic  pressure,  are  approximately  constant  (Ref.  1).  The  root 
mean  square  prensexe  fluctuation  at  the  surface  is  predicted  to  vary  with  velocity 
to  the  1.5  power,  while  the  method  of  Ref.  1  predicts  a.  variation  with  velocity  to 
the  X.CJ  power.  A  variation  with  velocity  squared  w<*ild  be  expected  for  a  bluff-body 
dipole  precers. 

This  prediction  cf  surface  pressure  fluctuation  from  Eq-  (12) 
can  then  be  combined  with  Eq.  (7)  to  determine  the  functional  dependence 
of  the  far -fit Id  acoistlc  pressure  fluctuation  above  a  two-dimensional  airfoil. 


Thji  the  rar-fleld  mean  square  or  the  acoustic  pressure  Is  predicted  to  vary  with  1 

velocity  to  the  sixth  pc*»er  multiplied  by  the  as. yet  unknown  velocity  dependence  of  I 
the  correlation  area.  j 

In  summary,  the  numerical  constants  for  predicting  the  tone  frequency  and  the  | 

surface  pressure  fluctuation  can  be  determined  from  narrowband  surface  pres sure  f 

measurements.  These  can  then  be  used* for  predicting  surface  speetra  for  other  airfoils.. f 
Ratios  of  correlation  area  to  planform  area  can  be  determined  frem  the  measured  surface  f 

t 

and  far-fleld  pressure  coefficients.  These  ratios,  whose  values  are  difficult  to  t 

i 

anticipate  for  a  deterministic  process,  should  be  approximately  equal  v  those  determine  | 
by  the  lengthier  technique  of  cross-correlating  the  surface  microphones.  If  the  \ 

experimentally  evaluated  ratios  can  be  generalized  In  terms  of  the  ratio  of  near-wake  | 
laminar  boundary  layer  thickness  to  airfoil  ekord,  the  far-fleld  sound  pm  sure  level  | 
generated  by  an  arbitrary  airfoil  e«ld  then  be  predicted.  The  oversimplified  analysis  -,f 

4 

would  be  verified  If  the  assumed  constants  as  determined  frem  the  data  actually  prove  - 
to  be  approximately  Independent  of  the  experimental  variables.  A  simple  method  for  | 
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predicting  surface  and  far-fleld  tptetrt  of  arbitrary  ilrfolli  and  three -4 l mens local 
routing  blades  would  than  exist. 


discuss  rc*  or  exkrijcstal  wsuits 


Gtnml  Regimes  of  Noise  Generation 

Cue  major  result  of  th.lt  investigation  vts  the  flndlre  that  airfoil  vortex  nolxe 
reache*  %  mxSkx  Intensity  and  then  decreases  with  increasing  velocity.  As  judged 
frees  acoustic  spectre  measured  In  the  fai  field  at  different  velocities  end  angle  of 

Iattark,  three  different  revises  of  noise  behavior  occurred.  Approximate  boundaries 
of  these  regimes  arc  ah<**n  in  Fig.  5  for  the  fult*span  JUCA  0Q12  airfoil.  At 
sufficiently  lie*  velocities  and  moderate  angles  of  attack,  the  fer-field  acoustic 
spectra  were  dominated  by  a  strong  discrete  t erne.  Vortex  tone  noise  also  was  reported 
\  in  Ref.  U  for  snail  airfoil  models  at  Reynolds  numbers  up  to  0.75  *  10^.  Broadband 
vortex  noise  with  an  Intensity  and  cenUr  frequency  predicted  by  the  method  of  Ref.  1 
was  not  observed. 

At  sufficiently  large  velocities  and  all  but  large  angles  of  attack,  the  airfoil 
did  not  raise  the  fsr-fleld  noise  spectrum  above  Its  backgroovd  level.  For  this 
region,  designated  ir*  Fig.  5  •*  “no  tceve",  airfoil  vortex  noise  appears  to  have 
decreased  below  that  produced  by  the  pressure  fluctuations  within  the  alrfcl*  turbulent 
boundary  layer.  In  the  intermediate  regime,  the  Intensity  of  the  vertex  tone  r.olse 
decreased  vlth  Increasing  velocity  at  constant  Incidence. 

|  The  boundary  between  the  regime  of  increasing  tone  strength  and  that  for  ter.e 

»  decay  resembles  another  type  of  aerodynamic  boundary.  Judging  freo  the  data  shown 
in  FI 6.  8  of  Pef.  this  curve  also  gives  the  minimum  angle  of  attack  for  which  the 
pressure -surface  boundary  layer  on  an  2IACA  0012  airfoil  remains  laminar  over  the  entire 
[  blale  chord.  Agreement  between  these  aerodynamic  and  acoustic  boundaries  tends  to 


fi  confirm  the  physical  mechanism  described  earlier  fer  vertex  terse  noise.  Decay  of  tone 
B  Intensity  with  increasing  velocity  could  then  be  associated  with  t  rapid  decrease  In 
fj  the  choriwlxe  extent  of  laminar  flea*. 

The  measured  range  of  these  three  regions  was  not  symmetrical  about  rero  angle 
of  attack  for  this  nominally  symmetrical  SACA  0012  airfoil  model.  Tones  were  observed 
for  a  considerably  smaller  range  of  Peycwlds  number  whe.i  the  model  was  tested  at 
negative  angles  of  attack.  The  model  contained  a  slider  that  produced  surface 
discontinuities  at  approximately  28  and  »?  percent  cr.ori  aero.-*  the  model  span  on  one 
surface.  At  negative  angles  cf  attack  relative  to  the  wind  tunnel,  the-e  d»ucon*tr.uitles 
caused  premature  transltlcn  of  the  pressure -surface  boundary  layer.  The  so: el  then  was 
inverted  In  the  wind  tunnel  so  that  tha  slider  was  en  the  suc*iun  surface  at  negative 
3  angles  of  attack.  For  those  tests,  the  boundaries  shown  in  Fig.  5  for  positive  angles 
of  attack  were  approximately  reproduced  at  negative  angles  of  attack.  This  result 
helps  to  demonstrate  that  the  measured  vertex  tone  noise  »<t  caused  ty  the  airfoil 
itself  rather  than  by  scam  unusual  interact len  between  the  at r foil,  the  wind  tunnel, 
and  the  anethole  chamber. 

She  semispan  NACA  0012  airfoil  model  had  a  smaller  regime  In  which  the  tone 
increased  with  increasing  velocity.  The  boundaries  between  the  three  regimes  resembled 
those  «h**n  in  Fig.  5  but  were  located  at  Reynolds  numbers  roughly  0.5  x  10*  smaller  at 
constant  angle  of  attack.  The  presence  of  the  wing  tip  vortex  may  eause  earlier 


transition  of  the  boundary  layer.  Cnly  e  small  fraction  of  this  model’s  span  would 
have  been  unaffected  by  either  the  tip  vortex  or  the  sidewall  turbuU.it  boundary  layer. 

High  Reynolds  Number 

The  test  conditions  that  bad  seemed  of  greatest  applicability  to  noise  generation 
by  helicopter  rctor  blades  were  those  corresponding  to  outboard  port  tors  of  full -scale 
blades.  A  convenient  reference  condition  for  calculation  of  rotor  performance  has  been 
the  75  percent  radius  location.  For  typical  light  observation  helicopters,  the 
corresponding  Reynolds  numbers  ere  near  2  x  lc£  end  the  relative  Mach  numbers  near 
O.lo,  Ttmrefore,  tests  were  conducted  at  a  velocity  of  LJ9  fp;  which  produced  a 
Reynolds  number  of  about  2.0  x  10^  and  a  Mach  number  of  '.bl.  At  these  conditions  and 
small  angles  of  attack,  neither  the  full-span  ncr  the  eealspan  uaca  0012  model  produced 
far-field  noire  greater  than  the  tunnel  background  noise.  They  did  produce  measurable 
high-frequency  broadband  noise  In  the  far  field  at  large  angle:  of  attack.  For  the 
full-span  model,  this  increased  noise  was  observed  at  8-deg  angle  of  attack  which  Is 
well  bclcM  the  ll-deg  angle  of  attack  expected  for  stall  at  this  Mach  number  and 
Reynolds  number. 

Surface  pressure  spectra  at  different  chrrdwise  locations  on  the  suction  surface 
of  the  full-span  motel  are  shown  in  Fig.  6  for  0  anl  8  deg  angles  cf  attack  at  LJO  fps 
velocity.  The  spectra  were  exrentlally  identical  ip  to  U»J0  K:.  A  broad  peak,  not 
xh<*n  in  Fig.  fc,  was  produced  by  tunnel  edge  tones  between  200  and  «*00  H=.  The  surface 
pressure  spectra  saewn  In  Fig.  6  have  the  general  appearance  expected  fer  static 
pressure  fluctuations  associated  with  the  velocity  fluctuation*  of  a  turbulent  boundary 
layer.  This  I?  most  noticeable  In  the  spettm  measured  t  50  and  70  percent  chord. 
Center  freqiencles  of  the  measured  broed  peaks  decreased  with  Increasing  rtrexHwise 
distance  (increasing  boundary  layer  thickness),  but  the  maximum  amplitudes  were 
approximately  ccnstant.  Spectra  measured  further  forward  on  the  airfoil  would  be 
erpectel  to  have  their  peaks  at  frequencle..  larger  than  the  , >X  Hr  l.fti*.  of  tar 
one -thirl -octave  recorder. 

The  overall  sound  pressure  level  of  the  Mgh-freqiency  portions  of  the  rp^etra 
fer  xero  angle  of  attack  at  50  and  70  percent  chord  correspond:  19  •  root  mean  square 
pressure  fluctuation  about  0.Q05  times  the  free -at rear  dynnmlr  pressure.  As  can  t« 
-h«*n  from  Refs.  1,  J,  10,  and  11,  this  value  u  close  to  but  slightly  telcv  that 
expected  for  tirbiKni  bmrvdery  layer.'  »n  cUd  pressure  gradient.-.  The  measurements 
Mve  not  b#en  corrected  for  the  effect  of  a  nonzero  microphone  dieseier  relative- to 
the  expect*!  correlation  length  of  turbulent  eddies  in  tha  boundary  layer;  TT»U 
effect  would  priAably  raise  the  measurements  to  the  expected  level.  As  would  be 
expected  from  Ref.  11,  the  ehordwise  correlation  between  preftltered  signal?  from  tha 
two  closest  ,**srfece  mlcrophcnes  ( JO  and  19  percent  chord)  was  small.  A  1000-Hi  high* 
pass  filter  wit  utilised  to  remove  the  highly  correlated  signals  at  the  tunnel  fan  and 
edge  tone  frequencies,  increasing  the  angle  of  attack  increased  the  pressure  floctua- 
tlcn*  on  airfoil  so-uon  surface  (Fig.  «* i.  This  result  would  t*  expected  beimasj 
of  the  increasing  adverse  pressure  gradient.  Surface  pressure  spectra  measure!  cn  the 
sealspan  colei  *t  small  angles  of  attack  were  essentially  idcr.'teal  to  those  for  the 
full -span  model.  Their  amplitude  increased  less  rapidly. with  increasing  geometric 
angle  of  attack,  probably  because  the  effective  angle  of  attack  at  the  instrumented 
sparrvUe  politico  vwll  le  afcoit  half  the  geometric  angle  of  attack.  Apparently  the 
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acoustic  radiation  fro*  airfoils  with  e-temlv*  turbulert  kwediry  lijtn  cn  both 
surfac«t  U  approximately  that  caused  by  velocity  fluctuations  within  the  turbulent 
boundary  layer.  This  radiation  can  be  calculated  by  the  crthoi  of  Ref.  10.  Its 
far ‘field  Intensity  Is  small,  not  because  the  surface  pressure  fluctuation*  are  small 
but  because  the  correlation  lengths  are  of  VY  crier  of  the  boundary  layer  thickness, 
which  1*  very  snail  relative  to  the  airfoil  chord  and  span.  This  result  that  the 
*ir  face  pressure  fluctuation  spectra  for  an  airfoil  at  full-scale  Reynolds  numbers  are 
*hoa-  for  a  turbulent  boundary  layer  and  therefore  produce  very  saa  11  far*field  acoustic 
radiation  was  also  determined  In  the  sailplane  flight  tests  reported  in  Pef.  1?. 

Low  Reynolds  N'uab-rs 

One -third -octave  spectra  taken  ir.  the  far  field  generally  ccotalne!  coe  banl  that 
wa*  such  stronger  than  the  backgro^i.  along  with  the  first  harmonic  of  that  band  at 
10  to  K  dB  usialler  acplltule.  Vhen  analysed  at  10  Hr  bandwidth,  the  apparent 
funiaaenUl  tone  usually  appeared  as  one  strong  sharp  tene  anl  cne  or  cere  weak 
ncnharacnlc  tcc.es  at  nearby  frequencies.  The  aswunt  by  wh*ch  the  weak  tone  protruded 
above  the  broadband  noise  usually  was  at  least  5  dB  below  that  of  the  strong  ten*. 

Typical  ID  Hr  »feetra  are  shewn  in  Fig.  7  for  the  Rill-span  3ACA  "5012  alrfcll  over 
•  snail  range  of  velocity  of  6  deg  angle  of  attack.  The  measured  varlatlcn  of  far- 
field  tone  frequ-r.ey  with  velocity  fer  the  full-span  MCA  0012  airfoil  at  6  deg  angle 
of  at*aeK  1*  shown  In  Fig.  8.  For  snail  change*  of  velocity,  the  freqieney  of  the 
r#rong  icr.e  and  urcnlly  those  of  the  v-ry  weak  tene*  shewn  In  the  upper  portion  of 
Mg.  7  sailed  approximately  with  velocity  to  the  0.8  pc**r.  *lth  sufficient  increase 
of  velocity,  cr.e  of  the  very  weak  tones  at  a  larger  freq.encythaa  the  strongest  tai« 
teeaae  con  *.ldef  ably  stronger  than  the  others.  Ar  t e  .-hewn  In  Mgs.  7  and  8,  this  tone 
then  dcnliant,  ant  the  forrrriy  atrange.-t  tone  Incase  weaker.  The  resulting 

*-quen«*e  'A  point*.  with  quantw  Jumps  of  frequency  In  r.arrcw  ranges  of  velocity, 
pll'a'.lwly  re-embl-s  ■!«  behavior  of  edge  tone-.  Rcwer-r,  there  was  r.o  hysteresis 
of  fr-quency  with  velocity  for  these  tones.  The  sane  relative  strength  of  tone*  v*» 
f'ad  whether  a  test  condition  was  approached  by  Infracting  or  d— rearing  the  velocity. 
>«i»c  *-r  these  J-sps  of  frei«w/,  the  general  trend,  as  hewn  in  Mg.  %  w*«  th*» 
if  a  variation  with  velocity  ic  the  >/?  pew er.  The  r«aer leal  values  of  frequency 
at  each  velocity  are  predicted  reasonably  ^ell  by  ite  of  Eq.  {■’♦)  with  Kj  arbitrarily 
taken  equal  to  1/90,  as  would  occur  if  the  tr ailing-edge  bfriniary  layer  w»*  t?  percent 
thicker  than  that  for  a  flat  plate.  These  frequencies  are  In  crier  nf  magnitude  larger 
than  those  calculate!  for  a  Dtrouhal  number  of  0.2  referenced  to  tie  alrfMl  minis 
thickness  (Fig.  8j. 

The  Jump*  of  frequency  seemed  to  occur  when  an  integer  n inter  of  acoustic  wave¬ 
length*  was  approxlnately  eqial  to  the  eht'l.  Ww  at-" at  1>D  fps  the  wavel-ngth 
was  greater  than  the  alrfMI  chord,  fata  for  this  sy»*el  %•  ether  angles  of  attack 
had  roughly  the  fine  behavior.  Tests  of  these  closely  spaced  v-lo-ltl-s  were  not 
ewlwtH  with  the  seal  span  MCA  001?  airfoil  motel,  but  It*  n*r  rev -band  teoe 
freq  sender  generally  aatched  those  for  the  full-sjan  motel. 

At  the  Uw  this  .rttten  paper  was  prepare!,  only  Halted  *arfaee  pressure  data 
had  been  obtained,  *  typical  comparison  of  *?ec*ra  In  lh-  far  field 

and  cn  the  suction  and  pressure  surface*  of  the  ifalspan  »d?l  la  given  in  Mg. 

’Tn  the  pressar-  surface,  where  the  boons  ary  layer  was  laminar  d»ip!te  the  pr-sene-  *f 

78 


the  slider  as  a  surface  discontinuity,  the  one-third -octave  bands  that  contained  the 
tone  anl  its  first  hamonlc  were  prominent.  gn  the  suction  surface,  the  tone  band 
was  only  a  week  disturbance  as  compared  with  the  broadband  level  of  the 
transitional  boundary  layer  at  30  and  80  percent  chord.  At  18  percent  chord,  upstream 
cf  the  slider,  the  spretrum  resembled  that  for  the  pressure  surface.  ?ounl  pressure 
levels  at  the  tone  frequency,  a*  determined  from  narrow-bend  spectra  or  these  cne-thlrd- 
octave  spectra,  were  approximately  equal  cn  both  surfaces.  They  were  approximately 
inie pendent  of  chordwWe  position  free  18  to  5v  percent  chord  and  generally  were 
largest  at  7ri  percent  chord.  In  contrast,  loadings  caused  by  fluctuations  of  incidence 
angle  would  have  caused  the  sound  pressure  level  at  15  percent  chord  to  be  about 
3.1  dfi  stronger  than  that  for  80  percent  chord.  Curface  pressure  fluctuations  at 
velocities  rear  100  fps  were  about  half  as  large  for  the  sentspan  as  fer  the  fjll-span 
MCA  001?  airfoil.  If  the  far-field  tone  was  strong,  these  lr»*l*  were  roughly 


» 


iniepenlent  of  angle  of  attack.  The  effect  of  velocity  cn  curface  pre.’S are 
fluctuations  at  the  strong  tene  frequency  for  the  full-span  MCA  001?  airfoil  ir 
shewn  in  Fig.  10.  The  general  level  of  these  data  is  given  by  Rq.  (1?)  wl*h  K.  and 
Kv  taken  equal  to  0.02  anl  Kj  taken  as  1/90.  It  is  possible  that  improved  Agreement 
could  be  cttalnei  at  higher  velocities  if  either  hj>  or  K<  were  not  actually  r.wrrliiit 
bit  varied  with  Reynolds  number. 

Crors-ccrrelatlcns  at  these  low  velocities  led  to  the  Interesting  recall  th*t 
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the  disturbance  on  the  airfoil  appear*  to  be  propagating  from,  the  trailing  edge  toward 
the  leading  edge.  A  Maple  plot  of  the  cross -correlation  and  auto-correlations  ?f  the 
|)  and  70  percent  chord  microphones  is  shown  In  Fig.  II.  The  cro** -correlation  function 
anl  the  two  buto-ccrrelatlons  are  seer,  to  vary  nearly  .  Inssoldally  with  the  del*/  Hoc 
because  of  the  discrete,  deterministic  character  of  the  tone.  The  n-srmalited  cro-s- 

. 

correlation  coefficient  for  this  particular  case  hai  a  aagr.ltule  of  ‘.i  :h«ln/  that  3; 
there  is  significant  correlation  between  the  W  and  73  percent  mlcrophce-  pre'-ure 
memrureaenve.  '  i 


The  inlicatlcn  that  a  wave  wai  moving  free  the  trailing  edge  toward  the  leading 
edge  becomes  evident  cn  examinin'  the  pi‘*te  of  the  cr^it-rcrr-ia-1  n.  I'-  I*  ^b'criel 
that  it*  first  peak  occurred  at  a  time  delay  of  about  Y.r  slllls-tsil'.  The  J l 'lance 
between  the  centers  of  the  two  xlcrophsne*  was  JA  ir..  «  that  the  prrHcfel  valve 
of  time  delay  based  cn  the  assumption  of  a  rcun*  wave  moving  toward  tie  iealtrg  edge 
a.4  a  sound  sped  of  1139  fps  Is  ft.'.  allHreccnls.  the  cross -cerrelatj on  between 
the  3D  ar.i  5 .  percent  chord  ulerophoo-*  ***.  shewn,  hvl  %  ew's-ared  time  delay  <>f 
9.1^  mill  If  emends  ccmpared  to  a  calculated  value  of  C  .It  r.llllitr''*)!;.  .'Imtlsr 
agreement  between  measured  anl  calculated  value-  of  time  delay  va».  obtained  *>«*; 
crvf-eorrelatlcns  tetween  the  other  alercjAw^#  ce»  the  airfoil  '.srface. 

The  tie-  Telay  between  arrival  or  a  eignal  at  an  aft  alcreph^ne  anl  at  the  .tldl-r 
slrrophone  varied  with  spanw'se  position  of  the  siller.  The  corresponding  ^nvi« 
csrrelaticn  lengths  have  not  yet  teen  dateralncd.  Cwi«l»tl«  »r-r  can  t- 
foraslly  ccspitel  froa  the  nessurel  narrcv.fcaM  frequencies  anl  the  rurfacc  ant  far- 
field  s«nl  pressure  1-veU  tywoie  of  Eq.  (I?).  Wn  thi*  wae  •‘one,  »he  calculatd 
correlation  areas  west  a  significant  fraetkn  of  the  planfors  area.  It  Is  politic 
that  the  pressure  fluctuations  actually  are  n?l  r-UHvely  ■‘WImi  »lorg  the  chord 
tut  arc  highly  peik-l  hear  the  uninatramjntr!  trailing  else.  If  thla  were  the  c afe» 
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AN*  correlation  irtu  determined  la  this  imt  for  Uon  la rgar  surface  pressure 
«*•>  N*  much  Ml  Ur.  Tests  with  MCA  0018  full-spam  airfoil  aotol  (Fig.  «*), 
which  toi  surface  microphones  froa  5  to  80  percent  chord,  should  to  useful  la 
determining  th*  actual  chordwla*  variation  of  fluctuating  loading.  Ttoy  may  also 
jrovld*  a  batter  Indication  of  wtottor  tto  concept  of  correlation  area  is  na*alr<ful 
for  this  apparently  datarnialstlc  aaaoatle  yrocais. 


COMPARISON  WITH  0T*R  DATA 


Hot-wire  Investigations  of  th*  vortex  shedding  frequency  of  fUt  plates  at  low 
Fxynold*  runbtra  were  reported  la  Ref.  13.  Tor  thin  plates  relative  to  the  boundary 
layer,  the  Strouhel  mmber  referenced  to  th*  effective  displacement  thickness  of  the 
aear  wake  was  constant.  Th*  Strouhel  nuafcer  for  an  MACA  0012  airfoil  at  zero  angle 
of  attack,  referenced  to  the  airfoil  maximum  thickness,  also  is  fives  in  Fig.  1  of 
Ref.  13.  This  quantity  was  found  to  be  proportional  to  th*  square  root  of  Reynolds 
naafeer,  as  is  predicted  by  use  of  Eq.  (6)  herein.  The  frequencies  reported  fer  those 
hot-wire  date  masurtd  on  the  wake  centerline  should  be  twice  tbe  acoustic  frequency . 

As  expected,  those  frequencies  were  closely  predicted  by  Eq.  (9)  with  a  numerical 
constant  Kj  taken  equal  to  twice  the  value  of  1/90  used  in  calculating  tne  solid  line 
shewn  in  Fig.  9. 

Far -field  acoustic  spectra  were  given  in  Ref.  Is*  for  an  uncaabcred  and  a  cankered 
JUCA  65  series  airfoil  cf  10  percent  thickness  ratio  and  2-ln.  chord.  Frequencies  at 
which  the  peak  intensities  occurred  were  plotted  in  Figs.  lb  and  15  of  F*f.  l*»  for 
velocities  fren  200  to  500  fps  (Reynolds  nunt*rs  fron  roughly  0.2  x  vfi  to  0.5- x  ic£) 
and  several  angles  of  attack.  Hies*  values  are  compared  in  Fig.  12  herein  with  the 
frequencies  calculated  fron  Eq.  (9)  with  Kj_  taken  equal  to  1/90.  Tto  predicted  variation 
with  velocity  to  the  3/2  power  la  In  good  agreenent  with  the  data.  It  Is  nor*  easily 
Justified  then  tto  linear  variations  taken  fron  Ref.  Is*  and  shtnm  as  .olid  tines  In 
Fig.  12,  which  would  pass  through  xero  freqjency  *t  ebout  100  fps  velocity. 

Ftr-fleld  acoustic  spectra  and  overall  sound  pressure  levels  for  high  aspect 
ratio  wings  of  larger  chord  and  span  are  given  In  Ref.  15 .  These  d*U  were  obtained 
freo  lew -altitude  flybys  of  several  sailplanes.  A  cne -third -octave  s pec t run  for  the 
Llbclle  sailplane,  taken  fron  Fig.  W  of  Ref.  15,  in  reproduced  In  Fig.  1?.  The 
spectrum  contains  a  broad  tone  cantered  In  tto  1000  Kz  band  caused  by  the  sailplane 
wing  and  a  tone  In  the  5000  Kt  band  described  as  background  noise  caused  by  crickets. 

It  should  be  noted  that  tto  presence  of  a  wing -generated  tone  at  these  large  Reynolds 
numbers  (up  to  3  x  vf3)  Is  attributed  to  the  airfoil  sc.vlons  used  cn  tto  sailplanes. 

They  are  of  types  that  achieve  low  drag  at  ttolr  design  conditions  by  aalntalnlng 
a  1-ng  cherdwtse  extent  of  laalnar  flw»  cn  the  pressure  surrace.  Tone  frequencies 
calculated  for  the  root  end  tip  chords  of  this  tapered  wing  planter*  also  were  shown 
in  this  figure.  The  observed  dominant  frequency  Is  about  half  a  one-third -octave 
baivi  higher  than  that  calculated  for  the  wing  tip  chord.  In  contrast.  Use  frequency 
that  corresponds  to  a  Strouhel  number  of  C.S  referenced  to  wing  hiIki  thickness  Is 
below  iM  Hi,  an  order  of  wagnlv  de  cwaller.  Ry  use  of  Eq.  (9),  the  eb.tr ved  frequency 
of  1009  Hr  for  10*  fps  velocity  and  ?5  in.  mean  chord  would  seale  to  roughly  9000  Ms 
for  195  fp5  velocity  and  2  In.  chord.  This  scaled  frequency  Is  In  good  agreement  with 
i  the  data  of  Fer.  lb  for  airfoils  with  2  In.  chord  as  shewn  In  Fig.  12  herein.  Thus  the 


predicted  variation  of  frequency  with  tto  Invars*  square  root  of  chord  Is  verified 
for  an  order  of  magnitude  change  In  chord. 

BscRimu  or  jcmaiping  effort 

Curing  th*  remainder  of  this  Investigation,  we  plan  to  (1)  conduct  additional 
measurements  of  surfae*  press*?*  spectra  and  cross -correlations  for  the  full-span 
MCA  0012  airfoil  to  determine  tto  acoustic  phenomena  at  wavelengths  less  than  tto 
chord  length,  (2)  conduct  Halted  teets  with  tto  full -span  MCA  0010  airfoil  to 
determine  the  qualitative  effect  of  airfoil  thickness  ratio  and  obtain  surfae*  pressure 
data  over  a  larger  percentage  of  the  chord,  end  (3)  compare  sound  pressure  levels 
calculated  by  any  prediction  method  developed  from  these  tests  with  data  for  small- 
scale  (Ref.  lb)  and  full-seal*  (Rsf.  15)  canflguratlons. 
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r  frequency,  Hs 

Ki,Kj,K^  Eaplrical  constants 

P  Acoustic  pressure  in  far  field  shore  airfoil,  lb/ft2 

Q  fressure  Juap  across  airfoil  surface,  lb/ft2 

r  Distinct  above  alrfcll  In  far  flell,  ft 

r0»rl  Position  on  airfoil  surface  A,  ft 
R  Reynolds  nuaber,  equal  to  Uc/v 

Sc  Correlation  area,  ft2 

Spp  Power  spectral  density  of  far-fleld  pressure  fluctuation,  lb^/ft^sec 

Sqq  Fiver  spectral  density  of  surface  Idling  fluctuation,  lb2/ft**sec 
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U  free  stream  velocity,  ft/sec 
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■ABSTRACT 

Xaman-straat  type  vortex  shedding  l.'roa  a  lifting  surface 
was  analyze d  as  •.  source  of  noise  from  a  helicopter  rotor  in 
hover.  The  theoretical  program  that  vat  conducted  used  acoustic 
pressure-tine  histories  measured  by  NASA  at  the  Wallops  Island 
Test  Station  for  a  UH-1B  helicopter  in  hover  and  forward 
flight. 

The  experimental  pressure-tine  histories  were  analyzed  and 
high  resolution  spectra  were  developed  over  a  frequency  range  of 
0  to  5000  Hz  using  a  0.7  Hz  filter.  On  the  basis  of  these  spectra 
the  nalin  and  tail  rotor  rotational  f.olse  as  veil  as  discrete  noise 
sources  were  identified  and  then  removed  from  the  Matured  pressure- 
tine  histories  leaving  pressure-tine  histories  representing  only 
the  broadband  noise  radiated  fron  the  rotor  system.  This  broad¬ 
band  noise  was  then  related  to  the  noise  induced  by  Karnan- vortex 
street  shedding  on  the  rotor  blade. 

The  theoretical  analysis  that  was  developed  related  the  acoustic 
radiation  of  the  vertex  shedding  forces  on  the  blade  to  the 
pressure-tine  histories  Measured  by  the  nlcrophcr.es  located  in 
the  far  field.  This  analysis  vat  then  used  to  solve  for  the 
oscillatory  forces  on  the  blade  that  would  duplicate  the  broad¬ 
band  noise  characteristics  of  Measured  pressure-time  histories 
of  the  helicopter  in  various  flight  regimes. 

The  results  of  the  investigation  indicated  that  "vortex 
noise”  is  themajor  source  of  acoustic  radiation  fron  a  helicopter 
rotor  in  hover  or  low- speed  flight  and  that  it  is  concentrated 
in  the  frequency  range  of  200  to  500  Hz.  Because  of  the  excel¬ 
lent  correlation  obtained  between  measured  and  predicted  acoustic 
signatures  using  the  averaged  nondlmenslonal  force  constants  for 
vortex  shedding  extracted  from  the  data  analysis.  It  is  believed 
that  the  basis  of  a  realistic  sethod  of  predicting  the  total 
acoustic  signature  of  any  helicopter  rotor  in  various  flight 
regimes  has  been  developed  and  demonstrated. 

INTRODUCTION 

The  primary  contributor  to  the  external  sound  of  modern  gas- 
turbine  powered  helicopters  in  the  aerodynanleally  induced  noise 
from  the  rotor  system.  Noise  measurements  have  shewn  that  the 
acoustic  pressure  tlme-hlstoty  at  an  observer's  location  is  due 
almost  entirely  to  the  noise  output  cf  main  and  tail  rotor  systems. 

"tMs  study  was  supported  by  the  Eustis  Directorate.  U.  S»  Army 
Air  Mobility  Research  i  Development  Laboratory.  Fort  Eustis. 

Virginia,  under  Contract  DAM02-70-C-0023. 
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This. means  that  the  helicopter's  detectability  and  to  a  large 
extent  its  effectiveness  as  a  weapons  system  is  determined  by 
the  noise  signature  of  its  rotor  systsm.  in  addition,  because 
cf  the  strong  emphasis  today  in  noise  pollution  control  there  has 
been  interest  in  rotor  noise  with  regard  to  commercial  helicopter 
operations.  For  these  reasons,  aerodynanieally  induced  sound  fron 
rotor  systems  has  been  extensively  investigated,  particularly  in 
the  last  five  years.  (See  Referencss  1.  2.  3.  4.  and  5.) 

Rotor  noise  consists  of  two  basic  types  of  sound  signatures i 
one  is  repetitive  in  frequency,  the  other  is  broadband  or  non- 
repetitive.  The  repetitive  noise  In  typically  called  "rotational* 
noise  in  which  the  frequencies  are  integral  multiples  of  the  rotor- 
blade  passage  frequency.  The  broedband  or  non-repetitlve-type 
noise  can  bm  generally  classified  as  “vortex*  noise.  In  addition, 
there  are  other  helicopter  nclse  classifications  such  ss  "blade 
slLp”.  and  sources  such  as  engine  and  transmission  noise.  These 
other  noises  and  sources  are  not  treated  explicitly  in  this  report. 
(See  Reference  5  for  e  discussion  of  rotor  noise  sources.) 

Rotational  noise  is  typically  regarded  as  a  dominant  notor 
noise  source  (ste  Lowson.  Reference  S) .  For  this  reason  it  is 
not  surprising  that  many  investigators  have  concentrated  in  this 
area  of  acoustic  research.  Results  have  ahovn  that  whereas  rota¬ 
tional  noise  is  dominant  in  all  cases  for  frequencies  below  100 
Hz,  above  100  Hz,  rotational  noise  may  dominate  but  in  most  cases 
broadband  noise  will  mask  out  the  rotational  noise.  It  has  been 
found,  however,  that  the  noise  source  that  is  predominant  is 
dependent  upon  the  location  of  the  noise  source  relative  to  the 
observer. 

Since  in  general  broadband  noise  will  he  nonperiodic  with  re¬ 
spect  to  blade  passage  frequency,  such  noise  is  often  classified 
as  nonrotatlonal.  The  broadbend  noise  that  Is  associated  with 
helicopter  rotor  blades  is  usually  related  to  vortex  shedding 
that  occurs  along  the  blade.  Since  vortex-generated  noise  is 
believed  to  occur  In  the  frequency  range  closer  to  that  of  maxi¬ 
mum  human  ear  sensitivity,  the  subjective  loudness  of  such  r.oise 
can  be  greater  than  that  of  low  frequency  rotor  rotational  noise, 
even  though  the  latter  may  be  of  higher  absolute  magnitude. 

Little  is  known  about  vortex  street  shedding  .ron  lifting 
surfaces.  Vortex  shedding  noise  from  rotating  cylindrical  bodies 
was  first  measured  by  Stowell  and  Deming  «).  Later  Yudin  (7) 
and  Dlokhintsev  (•)  developed  theories  predicting  such  noise- 
Hubbard  (9)  has  reported  overall  noise  lcvjsls  due  to  all  sources 
on  propeller  blades,  and  has  given  an  estimate  of  noise  due  to 
vottex  shedding.  He  found  for  propellers  that  the  rotational 
and  vortex  components  can  be  cf  the  same  order  of  magnitude.  He 
noted  that  the  vortox  component  has  a  higher  frequency  content 
than  the  rotational  component  and  Increases  in  intensity  with 
increasing  tip  speed.  Echlegel,  et  al  (3)  have  made  further  re¬ 
finements  in  Hubbard's  vortex  noise  magnitude  formula.  Erzywoblocki 
(10)  has  measured  the  vortex  shedding  frequency  for  airfoils  at 
low  Reynolds  numbers f  however,  the  data  for  angles  of  attack 
below  stall  had  wide  scatter.  Roshko  111)  measured  the  frequency 
of  shedding  from  circular  cylinders  in  high  Reynolds  number  flow. 
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but  not  for  alrfoil-type  sections. 

To  summarize  the  experimental  work  to  date#  it  is  noted  thst 
measurements  have  bson  made  of  tho  frsquoncy  of  vortex  shedding# 
but  not  within  ths  rang#  of  flow  condition*  encountered  by  heli¬ 
copter  rotor  blades.  However,  to  date  no  measurements  have  been 
oade  within  any  range  of  flow  conditions  of  the  magnitude  of  the 
oscillating  lift  and  drag  forces  due  to  vortox  shedding.  It  is, 
therefore*  necessary  that  the  basic  characteristics  of  vortex 
shedding  from  airfoils  should  be  documented  in  order  to  develop 
a  better  understanding  of  their  effects  on  rotor  noise.  Empirical 
or  senl-empirical  constants  will,  therefore,  have  to  be  used  to 
investigate  the  relative  importance  of  vortex  shedding  on  the  noise 
characteristics  of  helicopter  rotors  until  the  time  that  suitable 
measurements  are  obtained. 

Sadler  and  Locvy  (2)  have  determined,  by  semi-empirical  means, 
overall  constants  for  the  lift  and  drag  forces  associated  with 
discrete  vortex  shedding.  Xn  this  case  the  constants  were  assumed 
to  be  independent  of  Mach  number,  angle  of  attack,  blade  radius, 
and  azimuth.  It  is,  however,  believed  that  these  force  constants 
are  not  entirely  independent  of  the  aforementioned  parameters. 

The  program  reported  on  hereir  -fax  set  up  so  that  the  lift  and 
drag  force  constants  might  be  developed  from  experimental  data. 

For  the  mathematical  model  the  helicopter  rotor  blade  was  repre¬ 
sented  acoustically  by  a  series  of  dipoles  whose  strength  and 
frequency  varied  radially  in  the  case  of  hover,  or  both  radially 
and  azisuthaily  in  the  case  of  forward  flight.  If  the  local  angle 
of  attack  and  Mach  number  are  known  at  a  blade  element,  then 
based  upon  sJtrouhal  number  the  frequency  of  vortex  shedding  could 
be  precalculated.  Since  there  in  a  known  relationship  between 
dipol*  strength  at  a  given  point  In  space  and  acoustic  pressure 
at  another  point#  it  was  possible  in  this  program  to  use  experi¬ 
mental  pressure-tine  histories  measured  st  a  fixed  observer's 
location  to  determine  the  vortuu  constants  that  produced  the  non- 
harmonic  (broadband)  characteristics  of  the  measured  signature. 

The  purpose  of  the  program  discussed  herein  was#  therefore# 
to  determine  the  characteristics  of  the  vortex  shedding  forces 
on  a  helicopter  rotor  blade  in  hover  and  forward  flight.  A  more 
complete  presentation  is  contained  in  Reference  12. 

ANALYSIS  OF  EXPERIMENTAL  DATA 

TEST  PROGRAM 

The  data  used  In  the  analysis  was  generated  during  controlled 
acoustic  tests  of  an  VM-IR  helicopter  conducted  during  November 
1969  at  Wallops  Island#  Virginia  (13).  This  data  has  been  dis¬ 
cussed  by  Evens  end  Nettles  (13). 

The  noise  tests  were  conducted  by  the  Army  at  the  Wallops 
Island  Air  Station  with  cooperation  ot  the  dynamic  Loads  Division 
of  the  NASA/Langley  Research  Center,  The  test  area  consisted  of 
sn  array  of  microphones  in  the  formof  a  cross.  This  is_ shown 
in  Figure  1.  At  shown#  the  positive  X-sxis  Is  in  tho  direction 
of.  flight  and  microphones  1#  2#  3  are  at  X  *  200#  5C0  and  703 
feet;  mlcrophonas  7,  0,  and  9  are  at  X  ■  -  200,  -  500#  and  -  700 
ftett  microphones  4#  5*  4  are  to  the  right  of  the  flight  path  at 
Y  »  -  200#  -  500#  -  700  feefct  microphones  10,  11,  12  are  to  the 


left  of  the  flight  path  at  Y  «  200#  500#  700  feet;  and  microphona 
13  is  at  X  -  Y  -  0.  A  local  coordinate  system  centered  at  tha 
main  rotor  hub  moves  with  the  helicopter  and  is  shown  in  Figura  2. 

A  variaty  of  tast  conditions  were  covered  during  the  test  program 
including  low*  medium  and  high-speed  forward  flight  and  two  hover 
flight  conditions  (4  feet  and  100  faat) . 

GROUND  REFLECTION  EFFECT 

The  importance  of  ground  reflection  in  the  data  is  revealed 
by  comparing  spectra  for  different  microphone -helicopter  orienta¬ 
tions,  saa  Figures  •  and  3#  which  represent  extended  spectra  at 
positions  4  and  4  for  the  100  ft  hover  condition.  Observe  that 
the  general  characteristic  of  etch  spectrum  in  the  broadband 
region  reveals  a  sarles  of  maxima  and  minima  separated  throughout 
the  record  by  equal  frequancy  intervals.  However,  it  is  seen 
thst  this  frequency  interval  is  not  tha  same  for  both  recording 
positions.  The  frequency  interval  batween  successive  maxima  or 
minima  on  the  records  is  seen  to  change  as  the  orientation  between 
source  and  observar  changas.  It  should  be  noted  thst  for  a  given 
microphone  height  above  the  ground#  the  microphone  receives  one 
signal  directly  from  the  sound  source  and  another  that  is  re¬ 
dacted  from  the  ground  and  then  received.  It  can  be  shown  thst 
the  frequency  interval  refer rad  to  between  successive  peaks  or 
valleys  on  tha  SPL  records  is  related  to  this  time  separation 
between  original  andraflected  signal.  Thus  the  frequency  spectrum 
received  by  an  observer  is  distorted  from  that  of  the  source, 
soma  frequencies  will  be  amplified  by  reflection  while  others  are 
suppressed. 

The  reflect#-  signal  time  lag  at  position  4  is  less  than  that 
of  position  4  because  the  increase  in  distance  travelled  by  a 
reflected  wave  received  at  position  4  is  less  than  the  increase 
in  distance  travelled  by  a  reflected  wave  received  at  position  4. 
Thst  Is#  the  increase  in  distance  travelled  by  a  reflected  wave 
at  position  4  is  1.49  ft  while  the  increase  in  distance  travelled 
hy  s  reflected  wave  at  position  4  is  4.45  ft.  Therefore,  the 
time  lag  for  a  sound  wave  at  position  4  is  1.34  x  10"*  sec  (745  liz) 
while  the  time  lag  for  position  4  is  4.22  x  10°  sec  (237  llz).  The 
maxima  or  rainf arced  frequencies  would#  therefore#  correspond  to 
integral  multiples  of  this  frequency  and  tho  minima  or  cancelled 
frequencies  correspond  to  (n  ♦  1/2) f.  The  first  minimtm  frequency 
at  position  5  is  371  Hz  and  the  first  and  second  minima  at  position 
4  Is  119  H*  and  3SC  Mz,  respectively  (see  Figuret  9#  3).  These 
frequencies  are  consistent  with  the  predicted  minima  (372.5  Mz 
for  position  4  and  119.5  Hz  and  355. 5  Hz  for  position  4). 
DIGITIZATION 

In  order  to  perform  computer  analysis  of  tha  acoustic  data 
tha  pressure-tine  history  had  to  he  converted  into  digital  form  so 
as  to  be  compatible  with  computer  input  format.  This  process  is 
called  digitization.  Tha  original  FM  recordings  were  digitised 
using  a  hlgh-resolutlon  electronic  conversion  technique  specially 
developed  by  RASA  for  carrying  out  this  work.  Hy  coupling  a 
mini-computer  with  special  circuitry*  a  1.45-second  record  could 
be  digitized  at  an  11.3  KHz  rate  providing  approximately  14000 
data  points.  The  resulting  frequency  response  of  the  digitized 
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data  extended  from  about  0.7  Hz  to  5650  Hz,  which  exceeded  the 
range  of  tha  recording  system  of  20  Hz  to  5000  Hz.  The  signal- 
to-nolse  ratio  of  tho  developed  system  was  noted  to  be  excellent* 
at  better  than  <5  db. 

To  demonstrate  the  accuracy  of  thin  digitization  the  digitized 
data  was  plotted  and  compared  with  the  corresponding  oscillograph 
records,  see  Tlgure  4.  The  digitized  data  is  seen  to  be  In 
excellent  agreement  with  the  oscillograph  trace.  In  fact,  if 
differences  do  exist,  the  electronically  digitized  results  should 
be  corsiocred  the  more  reliable  for  two  reasons.  First*  the  con¬ 
version  was  dene  directly  off  the  FM  carrier  of  the  recorded  signal. 
This  technique  bypasses  the  Ftt  demodulator  unit,  which  in  itself 
introduces  some  distortion  to  the  output.  Xn  addition,  the 
electronically  digitized  data  bypasses  the  frequency  response 
of  the  oscillograph  galvanometers,  which  were  flat  to  only  about 
3KC. 

EVALUATION  OF  VORTEX  CKVCRATEQ  ".01  Si: 
r.ESTrVlL  DISCUSSION 

Since  the  shedding  of  Karmar.-type  vortices  off  an  airfoil  causes 
variation  of  lift  and  drag  on  the  airfoil  surfaces,  the  resulting 
oscillatory  forco  on  the  airfoil  will  create  noise.  A  variety 
of  empirical  ?  jhniqties  exist  for  estimating  the  magnitude  of 
noise  caused  by  shed  vortices  from  rotating  wings.  ISce  References 
2,  1  and  ?.)  The  analysis  carried  out  under  this  program  determined 
the  magnitude  of  these  oscillatory  forces  from  the  measured 
pressure-time  history  of  the  recorded  sound. 

The  RASA  electronically  digitized  pressure-time  histories  ware 
separated  into  *  *aadhand  and  discrete  components  using  spectral 
analysis  techniques.  Tho  broadband  pressure-time  history  was 
then  used  in  a  computer  program  which  determined  the  oscillatory 
force  on  the  airfoil  that  created  the  measured  signal,  because 
of  the  Importance  of  the  value  of  the  Strouhal-- number  used  in 
the  calculations  and  because  the  Strouhal  number  has  not  been 
accurately  measured*  particularly  for  airfoil  sections*  the  fitting 
technique  used  to  determine  the  oscillatory  forces  was  also  used 
to  determine  the  "best'  Strouhal  number. 

The  data  used  in  this  program  was  only  sufficient  to  determine 
the  contribution  of  each  airfoil  section  to  the  prossurc-time 
history.  The  data  was  not  sufficient  to  evaluate  tho  relative 
contribution  of  both  lift  and  drag.  Slnco  It  has  been  estimated 
that  the  oscillatory  drag  forces  are  very  snail  compared  to  the 
osclllatvry  lift  force*  as  regards  tho  acoustic  signal,  the  con¬ 
tribution  from  each  station  was  assumed  tc*  result  only  from  the 
oscillatory  lift. 

THE  VORTEX  SHEDDING  KODri 

The  vortex = street  phenomenon  require*  a  ueparoted  wak«  caused 
by  the  viscous  effects  In  the  boundary  layer.  Hhllc  airfoil  design 
minimized  this  separation  effect*  It  did  not  eliminate  it.  On  a 
physical  bails,  the  wake  formed  from  a  separated  boundary  layer 
will  b4  Influenced  by  its  width  at  the  separation  point  and  the 
flow  conditions.  The  Strouhal  number  correlate*  the  frequency  of 
jhwlding  for  various  bodies.  For  cylinders*  the  C’.iuu'.nl  number 
chango»  with  Reynolds  number  and  is  not  known  for  airfoils  or 


cylinders  at  large  Reynolds  number.  Tho  Strouhal  number  is  not 
a  universal  constant  but  la- dependent  on  body  geometry  as  well  as 
Reynolds  number.  The  results  of  References  3*  10*  11*  15  are 
consistent  with  a  Strouhal  number  in  tho  range  of  0.11  to  0.2 
for  streamlined  bodies.  This  xenge  Is  only  approximate*  but 
will  be  used  as  a  guide  until  tests  can  determine  the  existence 
of  Strouhal-type  shedding  from  airfoils  and  the  proper  range  and 
dependencies  of  the  Strouhal  ntmber  on  tho  controlling  parameters. 

In  the  present  analysis,  the  Strouhal  number  for  airfoil  vor¬ 
tex  shedding  will  be  allowed  to  vary  within  the  range  0.1  -  St 
-  0.3*  which  exceeds  the  limits  defined  previously.  Th*  Strouhal 
number  will  be  considered  constant*  however,  along  the  blade  for 
each  calculation,  that  is,  the  Strouhal  number  will  not  be  allowed 
to  vary  with  blade  velocity  and/or  angle  cf  attack.  It  is  anticipated 
that  tho  Strouhal  number  is  dependent  on  theso  parameters*  but 
in  lieu  of  this  knowledge,  the  approach  used  is  believed  to  be 
reasonable.  Thus,  the  vortex  street  shedding  frequency  la  assumed 
to  be: 

StU 

“  TT  III 

where  u  «  vortex  shedding  frequency  (Hz) 

U  *  resultant  velocity  (ft/sec) 

d  «  projected  dimension  of  the  body  perpendicular  to  the 
resultant  velocity  (ft) 
and  »  Strouhal  number:  0.1  -  Sfc  -  0.3 

Effects  of  vortex  shedding  on  the  two-dimensional  lift  and 
drag  forces  acting  on  tho  airfoil  can  be  investigated  by  consider¬ 
ing  the  circulation  around  the  appropriate  airfoil  section. 

Assuraing  regular  shedding  of  vortices  of  alternation  sign,  an 
oscillatory  circulation  nay  be  considered  to  be  superimposed  upon 
the  steady  circulation.  The  corresponding  lift  and  drag  forces 
acting  w*.  the  airfoil  section  will  then  oscillate  about  a  mean 
value  of  lift  and  drag.  The  oscillatory  lift  and  drag  due  to 
vortex  shedding  can,  therefore,,  be  formulated  as 

tLv),,lt)  .  5ln  '"l}1  *  lli> 

(2) 

•  ,'Wij{fl/Mi)ci5ri}  *ln  '-Uc  *  *ij> 

where  VJ  ^ j  nondimenslonal  force  constant  associated  with 
oscillatory  lift 

(KDv*1)  "  nondimen* ional  force  constant  associated  with 
oscillatory  drag 
e  •  density  of  air 

°lj  "  relative  velocity  of  the  airfoil 
C|  «  chordlevtth 
.*r4  -  station  width 
*"1)  *  °*  vorto*  shedding 

H j  ■  ph%so  of  the  vortex  forces 
Tho  noise  source  treated  are  those  generated  aerodynamical ly 
from  helicopter  rotors,  ft  is  assumed  that  helicopter  rotor  noise 
is  produced  l*y  variable  forces  on  the  rotor  blades,  not  fluid 
mas*  displacement  by  the  hladc*  nor  flow  turbulence.  It  is, 
therefore*  reasonable  to  usn  dipoles  »o  represent  those  blade 
fore..  teJ"  References  5  nnd  l«).  The  pressure  received  at  *n 
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observer's  location  from  an  array  of  moving  dipoles  can  be  cast 
in  the  following  form  (see  Reference  SI: 


P(X0,t)  -  l  - - - 


where  Mt»  *  -valuation  of  those  quantities  inside  the  brackets 
are  at  *  "retarded  time"  t*  corresponding  to  a  real 


c  *  npeed  of  sound 
■  location  of  the  observer 

r-  l/J 

R£j  “  [<x0  -  “  ^£j)j 

i  ,  |Xa~^ti*‘”u 


F^  ■  force  on  the  blade  at  blade  element 
With  teras  coaprlslng  Equation  (3)  formulated,  the  pressure  at 
an  observer’s  location  may  be  specified  once  the  appropriate  sources 
have  been  located  in  retarded  tine.  The  acoustic  signature  of  the 
rotor  is  assumed  to  ;nanato  fron  a  se:us  of  dipoles  located  at 
blade  stations.  The  sound  reaching  a  microphone  at  some  instant 
in  tine,  t*  originates  from  each  of  these  stations  at  some  earlier 
tine,  t*.  The  tine  that  the  sound  originated  from  each  station 
(retarded  time)  is  a  function  of  the  position  of  each  station 
and  its  notion  and  is  in  general  different  for  each  station. 

A  retarded  time  calculation  procedure  has  been  programmed  for 
coaputcr  use.  Thv  program  dcvelopt.d  locates  for  an  observer's 
location  at  tine  t*  the  contributing  retarded  time  position  of 
each  radial  blade  station.  The  results  of  a  typical  retarded  time 
calculation  is  shown  in  graphical  form  in  Figure  5.  As  can  be  seen, 
the  rotor  disk  has  been  broken  up  into  40  azimuthal  sections  and 
10  radial  sections  and  that  the  azimuthal  spacing  in  retarded  tine 
is  not  equal  as  it  would  be  in  true  time.  Thedlf ferencc  In  the 
spacing  between  the  advancing  blade  (obscr*?r  on  the  negative 
y-axis)  am!  the  retreating  blade  is  very  t-bvlous  in  this  graphical 
presentation. 
itovr.n  AvAf.YSis 

For  this  analysis*  the  bit-lit  helicopter  was  In  the  hover  con¬ 
figuration  100  ft  over  tho  microphone  data  cross  with  helicopter 
orientation  along  the  flight  path.  The  data  received  was  recorded 
at  microphone  4  which  was  200  ft  to  the  right  of  the  flight  path. 
DETERMINATION  Of  ANOLES  OF  ATTACK*  RESULTANT  VELOCITIES, 

SgjjjSoTrjj*  rtfour.?£tfct  ~ 

The  Strouhal  shedding  frequency  of  the  VM-lO  airfoil  (NACA 
0012}  was  assumed  to  be  proportional  to  the  flow  velocity  and 
inversely  proportioned  to  the  separation  thickness  of  the  flow. 


This  flow  separation  has  been  assumed  to  be  equal  to  the  projected 
dimension,  d,  of  the  sirfoil  perpendicular  to  the  resultant  velocity 
U.  The  dependence  of  the  projected  dimension  as  function  of  angle 
of  attack  for  the  NACA.0012  blade  is  shown  in  Pigure  4. 

NUMERICAL  TECHNIQUE 

Measured  pressures  esn  now  be  related  to  the  oscillatory 
force  constants.  The  objective  is  to  solve  for  the  unknown  oscil¬ 
latory  force  constants  in  terms  of  the  measured  pressure-tiw* 
history.  For  the  hover  configuration*  ths  values  of  the  oscil¬ 


latory  force 


turned  constant  about  the  rotor  disk*  since 


angle  of  attack  and  velocity  are  similarly  assumed  to  be  con¬ 
stant.  TLe  geometric  parameters*  however*  change  considerably 
with  respect  to  an  observer  so  it  is  deslrahle  to  segment  the 
time  for  each  blade  passage  into  smaller  time  intervals.  If  the 
time  intervals  ara  small  anough#  the  geometric  parameters  are 
essentially  constant  during  the  interval. 

If  the  geometric  parameters  can  be  assumed  constant  in  a  small 
interval  of  time  then  ths  predictive  equations  can  be  linearized. 

When  possible  such  s  linearization  of  a  set  of  equations  greatly 
reduces  the  numerical  difficulties  of  their  solution.  The  time 
interval  chosen  constrains  the  frequency  range  and  number  of  oscil¬ 
latory  stations  much  in  the  same  way  that  length  of  record  is 
related  to  bandwidth.  The  largest  tine  interval  that  was  felt 
consistent  with  constant  geometric  parameters  was  1/200  sec. 

For  .rvnzpls*  if  the  time  for  one  blade  passage  is  divided  into 
20  equal  tine  Intervals  (the  blade  passage  frequency  is  10. •  Hz)* 
each  time  interval  is  approximately  1/200  sec.  Thus,  phenomena 
which  change  with  frequency  less  than  200  Mz  cannot  be  considered. 
This  cutoff  is  e  judicious  compromise  between  frequency  range  and 
blade  element  station  size.  That  is*  if  a  smaller  tine  interval 
were  chosen*  the  area  swept  by  the  blade  (the  station  size) 
would  be  smaller  but  the  lower  frequency  cutoff  would  increase. 
Conversely*  if  a  larger  time  interval  were  chosen  the  lower  frequency 
cutoff  would  decrease*  but  the  area  swept  by  the  blade  would  in¬ 
crease  tending  to  invalidate  this  discrete  element  analysis. 

The  time  intervals  when  one  blade  advances  toward  the  ob¬ 
server  while  the  other  blade  retreats  is  particularly  advantageous. 

The  Strouhal  frequency  formulation  is  such  that  the  shedding 
frequency  increases  with  radius,  necause  of  the  Doppler  effect 
the  observed  frequencies  are  increased  further  on  the  advancing 
blade  while  decreased  on  the  retreating  blade.  This  is  coupled 
to  the  Mach  number  effact  in  Equation  (3)  which  increases  the 
pressure  amplitude  of  the  advancing  blade  stations  through  the 
terms  l/i-lfR  and  decreases  the  pressure  amplitude  of  the  retreating 
blade  stations  (NR  is  negative  for  a  retreating  blade*  positive 
for  an  ajvanclng  blade). 

The  larger  frequency  spread  on  the  advancing  blade  allows  a 
larger  nunh.*?  of  blade  elements  with  observer  frequency  separa¬ 
tions  abova  v200  Ms.  On  the  retreating  blade  the  Doppler  effect 
works  in  reverse  and  decreases  the  observed  frequencies.  The 
net  result  is  that  for  the  observer  frequencies  above  500  Hz  the 
section  of  the  airfoil  from  midspan  to  the  tip  of  the  advancing 
U1I-1B  blade  contributes  while  below  500  Hz  the  inboard  half  of 


ANALYSIS  Of  KAAMAN*STA£CT  VORTEX  SH DOING  USING  MEASURED  KEUCORTER  SOUND  MESSURE  DATA 


the  advancing  blade  an 4  the  who  la  retreating  blade  contribute. 
SOLUTION  TECHNIQUE 

Xn  order  to  solve  for  the  magnitude  of  the  oscillatory  forces 
on  the  helicopter  blade  several  assumptions  have  been  made.  The 
following  list  is  a  review  of  the  assumptions  used  in  this 
analysis. 

1.  The  oscillatory  forces  on  an  airfoil  occur  at  the  fre¬ 
quencies  associated  with  Strouhal  shedding. 

2.  The  Strouhal  number  is  assumed  to  be  independent  of 
Reynolds  number. 

3.  The  oscillatory  forces  are  sinusoidal  and  have  com¬ 
ponents  orly  in  the  lift  and  drag  direction. 

4.  The  oscillatory  forces  on  the  blade  can  be  represented 
by  oscillatory  dipoles  acting  at  the  center  of  ten 
spanwise  stations. 

5.  For  each  small  increment  of  time  (‘vO.OOS  seconds)  the 
aerodynamic  and  geometric  parameters  at  each  of  the 
ten  spanwise  regions  remains  essentially  constant. 

6.  In  the  time  intervals  when  one  blade  advances  toward 
the  observer  while  the  opposite  blade  retreats  the  noise 
at  the  observer  for  frequencies  above  500  Hz  is  assumed 
to  originate  from  the  advancing  blade  above. 

Using  those  assumptions  the  pressure-time  history  at  an  observer 
for  a  blade  in  the  advarclng  region  is: 


where  is  the  retarded  time 


-£  Is  the  Strouhal  shedding  frequency 
»£  is  the  phase  of  the  shedding 

(At)|*  l&^l'  **0*1  Jn^  ,bd*1  *re  th*  coefficients 

predicted  by  the  moving,  oscillatory  dipole  theory. 

The  assumption  that  the  aerodynamic  and  geometric  parameters 
remain  constant  In  a  0.005  second  time  slice  is  now  applied.  The 
term  is  replaced  by  «'t  where  w'|  is  the  Dopplcr  shifted 
frequency  at  tSwr  observer's  location.  Equation  (4)  then  becomes 


for  each  blade 
14 

Pit)  ■  l  liy^  Sin  («[t  ♦  *j)  ♦  IKC)1  cos-ujt  ♦ 


(5) 


where  «fl£  •  (kl)1  (Al)£  ♦  (JtD)l  lAplj 
“cU  -  (Ktl,  .  (l^i  (BdIj 

The  ex.et  tlwlnterv.1  chosen  to  solv.  (or  tho  oncill.tory  (ores 
u.is  0.<10««  seconds.  The  r.te  *t  which  the  U*t»  was  oizctronlc.lly 
digitized  w.ss  11.3  KHz.  Therefor*,  there  .re  53  ne.svired  voices 
of  the  recorded  pressure  in  e.ch  0.00.6-second  tine  interval, 
hlne.risln?  equation  (5)  by  renovlno  the  .thitr.ry  ph.se  qlves 


sin  »  (K^l,  cos  f»jt,lj 


t  •  1.....52 


(«) 


n 


Wh.r.  /k;j  *  ♦  ■  /kJ)4  +  dtc){  .  Kl 

and  *£  is  the  total  magnitude  of  the  oscillatory  force  constants. 

Since  there  ere  20  unknowns  in  Equation  (A)  ten  (Ks)£  and  ten 
C«y4  end  S2  equations  the  problem  is  overdetermined.  The  solu¬ 
tion  was  determined  using  the  standard  least  squares  techniques 
for  a  set  o  linear  equations. 

OBTAINING  EXPERIMENTAL  MAIN  ROTOR  VORTEX  NOISE 

The  acoustical  pressure-time  history  recorded  at  tho  microphone 
position  is  assumed  to  be  a  linear  supposition  of  many  sources 
of  noise.  Among  these  sources  are: 

1.  engine  noise 

2.  engine  exhaust  noise 

3.  main  and  tail  rotor  gear  box  noise 

4.  tall  rotor  rotational  noise 

5.  main  rotor  rotational  noise 

6.  main  rotor  vortex  noise 

7.  tail  rotor  vortex  noise 

Since  the  analyses  that  ware  performed  heroin  are  associated  with 
only  main  rotor  vortex  noise,  item  (6) ,  all  the  ocher  sources  of 
noise  in  the  measured  pressure-time  histories  had  to  be  removed 
in  order  to  obtain  the  desired  pressuro-tlmo  history. 

Xn  tho  ncdel  developed  in  this  contract,  the  noise  associated 
with  rotor  blade  vortex  shedding  is  assumed  to  be  generated  at 
discrete  frequencies  defined  by  a  strouhal  formulation.  Those 
shedding  frequencies  are  determined  by  the  airfoils  chord,  thick¬ 
ness,  angle  of  attack  and  velocity.  Shedding  frequencies,  while 
in  part  determined  by  rotor  rotational  speed  arc  not  integral 
harmonics  of  the  rotor  rotational  frequency.  In  addition,  since 
the  blade  is  moving  and  continually  changing  direction,  the  j 

Doppler  shift  on  these  frequencies  also  continually  changes.  j 

This  differs  from  items  1.  2,  3,  4,  ar.J  5  of  the  listed  sources 
of  noise  which  are  observed  at  discrete  frequencies.  This  in  j 

clearly  illustrated  in  Fiqure  N,  the  spectrum  of  measured  hell-  f 

copter  rotor  noise  for  the  hover  flight  condition.  It  can  b« 
seen  that  the  rotor  rotational  noise  appears  at  discrete  multiples 
of  the  blade  pastas'*- frequency  CIO. 9  llz)  and  the  ’all  rotational 
noise  occurs  at  multiples  of  its  blade  passage  frequency  (55. 1  Hz). 

The  peaks  at  1922  Hz  and  2133  Hz  are  identified  with  the  tail- 
rotor  gear  clash  frequencies  of  the  42-degrcc  and  00-degrec 
(second  harmonic)  gears. 

In  tho  data  shown  in  Fiqure  N  the  rotational  and  discrete 
noise  peaks  are  sufficiently  narrow  so  that  they  can  be  removed 
without  significantly. changing  the  content  of  the  underlying  | 

broadband  noise.  Once  the  discrete  noise  perks  are  identified  }■ 

their  corresponding  Fourier  coefficient?  as  I’.etormincd  from  the  \ 

Fast  Fourier  Transform  of  the  digitized  data,  are  set  equal  to  ^ 

zero.  The  broadband  pressure-time  history  is  then  generated  by  * 

using  the  inverse  Fourier  transform. 

In  orde:  to  correlate  the  measured  prossurc-Umc  history  with  J 
the  theory,  the  azimuthal  blade  position  must  be  known,  the  ' 

Wallops  Island  test  did  r.ot  r*  zord  this  important  piece  of  infor¬ 
mation.  The  azimuthal  loeat.f  n  of  th  rotor  was  determined 
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by  matching  the  measured  rotation  noiaa  signature  with  a  theo¬ 
retically  predicted  rotational  noiaa  praaaura-ti»a  history. 

RESULTS  Of  THE  THEORETICAL  ANALYSIS 

A  total  of  four  hover  cases  were  analysed.  Three  of  these 
cases  were  from  position  4  (200  feet  to  the  right  of  the  heli¬ 
copter)  and  one  fro*  position  6  (700  feet  to  the  right  of  the 
helicopter).  The  radial  stations  selected  were: 

rt  -  7,  9,  11,  13,  15,  17,  18.5,  18.5.  20.5  and  21.5  ft. 
for  i»l  to  10  respectively.  The  electronically  digitised  re¬ 
cords  are  *1.5  seconds  long.  Therefore.  15  blade  passages  were 
analyzed  for  each  of  the  cases. 

The  set  of  equations  solved  had  nor*  equations  (52)  than 
unknowns  (20).  By  using  the  method  of  least  squares  the  result¬ 
ing  deviation  is  a  measure  of  the  equality  of  the  solution. 

Since  the  Strouhal  number  is  not  accurately  known  for  airfoils 

at  these  Reynolds  numbers,  a  search  was  performed  to  determine 
* 

the  strouhal  number  which  gave  the  most  satisfactory  solutions. 

The  optional  Strouhal  number  was  determined  to  be  0.235:. 02 
which  is  within  the  range  for  which  results  have  been  obtained 
by  previous  investigations. 

;ne  of  tho  recordings  obtained  200  ft  to  the  right  was  used 
to  evaluate  the  method  of  removing  discrete  rotational  noise 
sources.  The  portion  of  the  recording  used  was  35  seconds  into 
the  recorded  signal.  Tor  the  first  of  the  four  cases  (to  be 
referred  to  as  Case  A)  all  noise  bexow  140  Hr,  the  call  rotor 
peaks  at  165  Hz  and  220  Hz.  and  all  noise  above  1860  Hz  was  re¬ 
moved.  In  Case  a  all  noise  above  2820  Hz  was  removed  (instead 
of  above  1860  Hz  as  In  Case  A)  together  with  the  gear  clash 
spikes  at  around  1030  Hz  and  2140  Hz.  Xn  order  to  determine  how 
much  the  results  were  dependent  on  when  in  time  the  data  was 
analyzed,  ar.tther  portion  of  the  data  taken  200  ft  to  the  right 
and  26  seconds  into  the  recording  was  analyzed.  This  condition 
is  referred  to  as  Case  C.  The  electronically  digitized  pressure- 
time  history  and  spectrum  for  this  case  are  shown  in  figures  7 
and  S  respectively.  The  rotational  and  discrete  noise  was  re¬ 
moved  by  setting  the  following  coefficients  of  the  Fourier  repre¬ 
sentation  of  the  digitized  record  equal  to  zero:  «140  Hz,  165  Hz, 

220  Hz i  1930  Hz,  2140  Hz,  and  >2820  Hz.  Figure  9  presents  the 
spectrum  of  the  noise  that  was  removed  and  Figure  10  presents  the 
spectrum  of  the  vorttx  noise  that  was  analyzed  for  this  case. 

The  pressure-time  hittory  of  the  rotational  noise  is  shown  in 
Figure  11  and  of  the  vortex  noise  in  Figure  12.  The  fourth  case 
that  was  analyzed  (Case  0>  was  data  measured  700  feet  to  the  right 
of  the  helicopter.  A  portion  of  the  recording  26  seconds  Jnto 
the  record  was  analyzed.  Xn  this  position  the  gear  clash  frequen¬ 
cies  occur  at  1930  Hz  and  1990  Hz.  The  frequency  components 
removed  were  <140  Hz,  165  Hz,  220  Hz,  276  Hz,  330  Hz,  385  Hz, 

1939  Hz,  1970  H*.  and  >2820  Hz. 

The  analyses  that  were  carried  out  used  15  blade  passages  of 
digitized  date.  Because  of  the  previously  noted  inability  to 
separate  the  lift  arj  drag  components  and  because  It  haa  been 
shown  elsewhere  that  thu  drag  contribution  is  Insignificant  com¬ 
pared  to  the  lift  distribution,  the  j'*  were  assumed  zero  in 

90 


all  of  the  analyses  that  ware  conducted.  Therefore,  only 
were  calculated  for  the  15  blade  passages  in* each  case,  tor  each 
redial  station,  the  distribution  of  these  values  multiplied 

by  that  station**  dynamic  pressure  is  shown  in  Figure  13.  The 
(KL)i(l/2oU|)  for  the  ten  radial  stations  for  each  of  the  four 
cases  are  tabulated  (Table  I)  and  plotted  in  Figure  14.  Although 
there  is  some  scatter  in  each  of  ths  distributions  the  mean  reaults 
are  remarkably  similar  for  all  four  cases.  The  comparison  of 
Csss  A  and  Cass  S  shows  that  the  results  art  fairly  insensitive 
to  variations  in  the  high  frequency  cutoff  in  the  data,  although 
the  magnitudes  of  station  10  for  Case  A  are  somewhat  suppressed 
from  Case  a.  Going  to  a  different  position  of  the  record  also 
does  not  significantly  alter  the  distributions  (see  distributions 
for  Case  C).  Some  of  the  distributions  for  position  6*  (Case  D) 
however,  do  differ  from  the  first  three  esses.  This  is  due,  in 
part,  to  the  differences  in  ground  reflection.  The  magnitudes  of 
the  oscillatory  pressures  sre  *1  to  2  lb/it7  for  the  tip  1/3  of 
the  blade  (14-22  ft) .  On  the  Inboard  stations  (6-14  ft)  the 
magnitude  of  the  oscillatory  pressure  ranges  from  4  to  30  lb/ft7. 

Xt  must  bo  remembered,  however,  that  these  stations  include  signi¬ 
ficant  contributions  from  the  retreating  blade  whereas  the  outboard 
blade  sections  do  not.  For  each  of  the  four  cases  that  were  ana¬ 
lyzed,  the  calculated  oscillatory  forces  were  used  in  a  theoretical 
program  to  determine  If  the  essential  noise  characteristics  had 
been  retain**!.  For  each  of  the  cases,  therefore,  a  pressure- time 
history  and  a  corresponding  spectral  analysis  were  predicted  for 
comparison  with  the  experimental  data.  The  predicted  pressure¬ 
time  history  and  the  corresponding  spectrum  for  Case  C  are  shown 
In  Figures  15  and  16  respectively.  When  these  predicted  rosults 
are  compared  with  the  measured  results  in  Figured  12  and  10,  it 


is  seen  that  the  calculated  oscillatory  forces  have  retained  all 
of  the  essential  characteristics  of  the  measured  pressure-time 
history.  Similar  comparisons  were  made  for  Cases  A,  b,  and  D. 


GENERAL  DISCUSS 109  Of  RESULTS 

The  technique  that  was  developed  In  this  contract  effort,  of 
electronically  digitizing  and  analyzing  measured  sound  pressure- 
time  histories  to  create  high  resolution  spectra,  such  as  shown 
In  Figure  8,  has  permitted  the  detailed  Analysis  of  various 
rotor  sources.  For  example,  the  fine  frequmey  resolution  that 
can  he  obtained  by  theae  techniques,  allows  separation  of  the 
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individual  peaks  associated  with  Min  rotor  and  tail  rotor  rota¬ 
tional  noise  and  discrete  sources  such  as  oil  pumps,  gear  boxes* 
etc.,  fro*  the  broadband  noise.  Since  these  types  of  noise 
sources  can  now  be  adequately  separated,  the  characteristics  of 
the  various  noise  sources  can  be  studied  independently.  The  study 
that  was  reported  on  herein  stressed  the  analysis  of  the  broadband 
noise  rather  than  the  rotational  noise  although  the  rotational  and 
discrete  noise  sources  were  separated  from  the  total  noise  signa¬ 
ture  and  studied  as  regards  the  characteristics  of  their  pressure- 
time  history. 

The  vortex  pressure-tine  histories  (Figure  12,  for  example) 
that  were  generated  from  the  total  experimental  pressure-tiM 
histories  by  removing  the  rotational  and  other  discrete  nolte 
have  the  same  general  characteristics.  The  signals  are  essen¬ 
tially  random  with  a  modulation  in  amplitude  occurring  every 
blade  passage.  The  high  amplitude  region  has  higher  frequency 
than  the  low  amplitude  regions.  This  feature  is  consistent  with 
the  Doppler  effect  discussed  previously,  i.e.  the  advancing  blade 
towards  the  observer  raises  the  frequency  and  magnitude  of  any 
oscillatory  pressure  tmplitudes  recorded  At  an  observer's  loca¬ 
tion.  It  is  noted  that  each  blade  passage,  however,  i*  distinctly 
different  in  its  structure.  In  order  to  evaluate  the  effect  of 
this  difference  on  the  sound  signature  of  vertex  noise  each  blade 
passage  of  the  digitised  vortex  signal  was  converted  to  an  analog 
signal  and  then  repeated  so  that  a  5-iccoml  analog  record  of  each 
particular  blade  passage  could  be  constructed  on  tape.  When  a 
series  of  each  of  these  5-secand  records  were  played  on  a  tape 
recorder,  it  was  obvious  that  each  blade  passage  sounds  distinctly 
different.  Qualitatively,  this  difference  from  blade  passage  to 
blade  passage  may  be  described  as  a  modulated  signal  of  varying 
frequency  or  "tone".  That  Is,  when  listeningto  a  series  of 
blade  passage  recordings  a  different  frequency  content  may  be 
discerned  in  each  of  the  blade  passages. 

The  vortex  shedding  model  allowed  o  finite  frequency  rar*j*  to 
be  "fit"  to  the  experimental  pressure-time  history.  The  relative 
magnitudes  of  each  of  the  radial  station's  oscillatory  forces  re¬ 
flected  the  frequency  content  of  the  signal  received  at  the  observer 
for  that  blade  passage.  Thus,  since  the  signal  varies  from  blade 
passage  to  blade  passage  both  in  frequency  and  magnitude,  the 
oscillatory  pressures  calculated  at  the  helicopter  blade  had  a 
cor  espondlng  variation.  Since  each  blade  passage  is  different, 
each  calculation  performed  results  in  slightly  different  radial 
array  of  oscillatory  forces.  This  effect  is  shown  in  the  histo¬ 
grams  (see  Figure  111,  which  illustrates  how  these  oscillatory 
pressures  varied  at  each  radial  station  over  the  IS  blade  passages 
for  each  of  the  four  cases  that  were  analysed.  Histograms  plot 
the  frequency  of  occurrences  of  a  giver  event.  In  this  case, 
the  histograms  record  the  frequency  of  occurrence  of  the  calcu¬ 
lated  oscillatory  lift  forces  In  a  given  range.  Reference  to 
Figure  11  shows  that  the  scatter  of  results  Increases  as  the 
radial  station  decreases  which  relutes  to  the  previous  discussion 
of  the  gradual  degeneracy  of  the  solution  technique  as  the  fre¬ 
quency  of  shedding  on  t  *  blade  decreases.  The  anount  of  scatter 
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of  a  station  corresponds  to  the  variability  of  the  frequency  appro¬ 
priate  to  that  station  contained  In  the  experimental  record. 

Thus,  for  Case  C,  the  frequency  appropriate  to  station  2  was  changing 
significantly  from  blade  passage  to  blsde  passage  while  the  fre¬ 
quency  appropriate  to  station  C  changed  little  from  blade  passage 
to  blade  passage. 

The  mean  values  for  each  of  these  distributions  were  deter¬ 
mined.  The  mesn  values  are  listed  in  Table  I  and  plotted  in 
Figure  14.  The  she  Ming  frequencies  appropriate  to  the  helicopter 
rotor  reference  system  are  listed  as  well  as  the  Mach  number  and 
angle  of  attack. 

The  advancing  blade,  as  previously  noted,  has  its  shedding 
frequencies  raised  and  spreaJ  apart  while  the  retreating  blade  *as 
Its  shedding  frequencies  lowered  and  pushed  together.  The  Doppler 
shifted  frequencies  on  the  advancing  blade  range  from  about  275  Hr 
at  7  ft  radius  to  2100  Hr  at  21.5  ft  radius.  The  exact  amount  of 
the  shift  depends  on  the  observer's  location  relative  to  the  velocity 
of  that  blade  station.  The  Doppler  shifted  frequencies  on  the 
retreating  blade  range  from  110  Hz  at  7  ft  radius  to  about  500 
Hz  at  21.5  ft  radius.  ..er.ee  the  outboard  section  of  the  advancing 
blade  is  associated  with  high  frequency  noise  and  the  inboard 
section  of  the  advancing  blade  together  with  the  retreating  blade 
are  associated  with  low  frequency  noise.  For  the  observer,  the 
radial  stations  at  7  ft  and  9  ft  on  the  advancing  blade  are  in 
the  same  frequency  range  as  the  retreating  blade  because  of  the 
Doppler  effect  and  hence  these  stations  also  reflect  the  noise 
energy  of  the  retreating  blade.  This  contribution  partially 
leads  to  higher  values  of  oscillatory  pressure  calculated  at  those 
radial  stations.  The  noise  energy  of  the  entire  retreating  blade 
has  been  lumped  into  these  two  stations. 

As  shown  in  Figure  14,  the  decreasing  oscillatory  pressure 
magnitudes  at  larger  blade  radius  reflect  the  gradual  fall  ofT 
with  frequency  of  the  noise  energy  shown  In  the  spectra  (see  Figure 
•  for  example).  The  spectra  generated. in  this  analysis  compare 
well  with  the  findings  of  Cox  and  Lynn,  Reference  17,  in  that 
the  major  sourer  of  audible  vortex  noise  is  concentrated  in  the 
frequency  range  of  200  Hz  to  500  Hz.  The  maxima  and  minima  in 
these  spectra. caused  by  ground  reflection  aXso  affect  the  calcu¬ 
lated  oscillatory  pressures  as  the  model  does  not  include  this 
reflection  effect. 

The  mean  oscillatory  pressures  have  been  used  to  create  a 
pressu-e-tlco  history  at  an  observer  s  station.  As  discussed 
previously,  these  created  pressure-time  histories  and  these 
spectra  compare  very  well  with  the  experimental  pressure- time 
histories  and  spectra.  See  Figures  15,  U,  12  and  10  for 
example.  Audio  tapes  created  from  the  calculated  pressure¬ 
time  history  sound  like  the  experimental  tapes  except  for  the 
frequency  variation  from  blade  passage  to  blade  passage  eliminated 
by  using  the  mean  values. 

Since  the  essential  characteristics  of  the  experimental 
acoustic  signal  can  be  duplicated  with  these  mean  oscillatory 
forces  in  a  rotating  Made  frame  of  reference,  it  is  possible  with 
oroper  parameterization  of  the  force  constants  to  effectively 
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simulate  the  noise  produced  by  helicopter  rotors  for  a  variety 
of  operating  conditions.  Because  of  the  advanced  data  analysis 
proc.viures  that  have  been  developed,  the  rotational  and  broadband 
vortex  noise  can  be  separated  and  studied  independently.  Zt  is, 
therefore,  possible  to  parameterize  the  vortex  noise  and  the 
rotational  noise  as  functions  of  the  rotor  geometric  and  operating 
conditions  such  as  number  of  blades,  rotational  speed,  thrust, 
chord,  twist,  etc.  The  parameterization  of  the  vortex  noise  and 
rotational  noise  can  be  carried  out  by  analyzing  various  rotor 
data  from  whirl  tower  tests,  as  was  done  in  this  program  for  a 
hovering  helicopter.  Once  the  parameterization  has  been  accom¬ 
plished,  for  a  number  of  different  rotor  s. stems,  it  should  be 
possible  to  predict  the  acoustic  signature  of  any  rotor  system 
given  only  th*  geometric  and  operating  conditions  of  the  helicopter. 

CONCLUSIONS 

On  the  basis  of  the  analyses  carried  out  in  this  investiga¬ 
tion,  it  wjs  shown  that  random  or  "vortex"  noise  is  a  major 
aouree  of  noise  from  a  helicopter  in  the  hover  condition.  For 
the  cases  analyzed,  cain  rotor  rotational  noise  was  not  significant 
above  100  Hz  and  the  major  eudible  sources  of  vortex  noise  were 
concentrated  in  the  frequency  range  of  200  to  S00  Hr.  Xn  their 
respective  frequency  ranges  the  main  rotor  rotational  noise 
was  about  30  db  above  the  threshold  of  hearing  while  the  vortex 
noise  was  about  45  db  above  a  normal  background  noise. 

Xn  addition  to  the  above  general  conclusions  the  following 
specific  conclusions  were  drawn: 

1.  Ground  reflection  effects  can  significantly  distort 
the  radiated  acoustic  pressure- tine  history. 

2.  The  broadband  r.oise  created  by  a  helicopter  rotor  can 
be  represented  by  Karsan-street  vortex  -induced  noise. 

3.  The  "vortex"  noise  correlated -fee  a  Strouhal  number 
of  0.235. 

4.  7,'»o  vortex  noise  can  be  simulated  by  an  array  of  moving, 
oscillating  dipoles  with  frequencies  corresponding  to 
the  Karnin- vortex  street  phenomena. 

5.  The  basis  of  a  technique  by  which  the  acoustic  signature 
of  any  rotor  system  can  be  predicted  in  hover  or  forward 
flight  has-been  developed  and  demonstrated. 

6.  A  new  technique  has  been  developed  whereby  significantly 
improved  high  resolution  acoustic  spectra  can  be 
generated. 
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University  of  Southampton,  Southampton,  SO*  5  NH,  England 

Introduction 

A  single  unified  theory  is  described  to  account  for  the 
discrete  radiation  generally  fron  the  whole  family  of  heavily 
run  axial  flow  rotors,  including  helicopter  rotors,  propellers 
and  gas  turbine  compressors. 

The  approach  used,  is  to  Fourier  analyse  the  periodic 
blade  loading  variation  (aximuth  profile)  into  blade  loading 
harmonics,  and  then  sum  the  total  radiation  from  each  »LH.  In 
this  way,  the  radiation  from  any  arbitrary  blade  loading  varia¬ 
tion,  and  thus  the  rotor  noise  can  be  determined.  To  indicate 
trends,  the  effect  of  blade  loading  profile,  load  excursion 

width  and  number  of  excursions  is  considered.  The  blade  of 

» 

course  can  sweep  out  some  very  complicated  source  distributions, 
and  again  to  be  in  a  position  to  assess  the  radiation,  approxi¬ 
mations  have  to  be  made. 

With  this  In  mind,  the  basic  differences  between  high  and 
low  solidity  rotor  spectrum*  are  considered,  emphasizing  the 
difference  between  subsonic  and  supersonic  rotor  noise.  The 
special  effect  of  helicopter  blade  slap  and  compressor  rotor- 
stator  interaction  is  discussed,  and  measured  rotor  spectrum* 
have  been  included  to  help  illustrate  the  theory.  The  paper  is 
an  extract  (Section  6)  from  the  publication  Discrete  radiation 
from  periodic  sources  in  circular  motion  (1)  and  is  a  continua¬ 
tion  of  the  work  reported  earlier  in  reference  (2). 

1.  Blade  loading  spectra 

Consider  the  aerodynamic  load  on  a  blade:  if  the  total  ari¬ 
thmetic  loading  varies  as  the  blade  rotates,  so  that  is  is  re¬ 
producible  for  each  blade  revolution,  then  the  azimuth  blade 
loading  profile,  sec  Fig.  1,  can  be  Fourier  analysed  into  blade 
loading  harmonics,  such  that 
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Any  arbitrary  periodic  azimuth  D.L.  function  can  be  analysed 
in  this  way,  and  again  for  convenience  the  B. L.  harmonic  ampli¬ 
tude  can  be  represented  by  a  constant  times  a  spectrum  function, 
viz. 

La  *  2  Avg.  x,  (41 

Itcre  the  blade  loading  spectrum  level  is  given  by  the  aver¬ 
age  value  term,  Avg,  which  is  equal  to  the  pulse  or  excursion 
area  divided  by  the  excursion  period.  The  blade  loading  spectrum 


shape  is  determined  by  the  blade  loading  spectrum  function  xg# 
which  is  a  function  of  the  load  excursion  profile,  width  and 
numbtr  per  blade  revolution. 

Some  simple  pulses  with  their  spectra  are  shown  in  Fig. 

14  ,(1).  The  representative  rectangular  pulse  is  an  even  func¬ 
tion  and  has  cosine  terms  only,  &L  is  the  pulse  height  or  load 
change  from  the  mean  value. 
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The  smoothly  varying  half  cosine  pulse  is  also  an  even 
function  and  has  cosine  terms  only. 
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and  the  zero  lift  full  sine  pulse  is  an  odd  function  having  only 
sine  terms 
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In  terms  of  rotor  parameters,  if  w  is  the  pulse  or  azimuth 
excursion  width  and  E  is  the  number  of  excursions  per  blade 
revolution,  then  the  excursion  time  tQ  and  periodic  time  T  between 
excursions  is 
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Where  9tf  is  the  load- solidity,  which  is  the  fraction  of 
the  effective  annulus  that  the  loading  region  occupies,  viz. 
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The  first  sE  zero  is  given  by 
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where  f f t0l x  for  simple  pulses  can  be  read  from  figure  14  ,(l) 
e.g.  rectangular  lft0»z  •  1,  half  cosine  f f t0lx  ■  1.5,  triangular 
(ft0lz  «  2  etc. 

As  an  example,  let  the  blade  experience  a  short  stall  or 
an  impulsive  load  change  of  height  £ L  from  the  mean  load  L0. 

If  we  represent  the  load  excursion  by  a  rectangular  distribu¬ 
tion  then  the  blade  loading  spectrum  is 
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This  *nd  ctiier  for  more  realistic  load  excursions  ere 
shown  in  Fig.  2,  the  average  value  ter*  for  the  half  cosine  at.i 
sine  excursion  is 

AV’  +CO*  ’  AV,*in«  '  *  iL,E-‘,W  (l3> 

Zc  is  shown  that  the  blade  loading  spectra*  level  when  ex¬ 
pressed  in  ds,  is  little  different  for  a  variety  of  simple  load¬ 
ing  functions#  providing  the  pulse  height,  width  and  nuefcer  per 
blade  revolution  is  the  same.  Further,  for  a  given  function, 
the  spectrum  level  is  independent  of  how  the  average  value  is 
arrived  at.  i.e.  it  does  nut  matter  how  high,  how  wide  or  how 
many  pulses  there  are  per  blade  revolution,  providing  the  multi¬ 
ple  value  is  the  same. 

The  spectrum  shape  is  similar  for  simple  all -positive  or 
all-negatively  going  pulses.  Pulses  with  equal  positive  and 
negative  areas  <2ero  lift  functions)  similar  to  the  full  sine 
function,  have  zero  value  blade  loading  harmonics  at  zero  order. 
Blade  loading  functions  that  have  more  than  one  excursion  per 
blade  revolution  have  blade  loading  harmonics  only  at  multiples 
of  vhe  excursion  number  E.  The  parameter  that  has  the  largest 
effect  ‘in  t he  11. L.  spectrum  is  the  pulse  width  or  load  solidity 
o.  Figure  3  shows  that  the  spectrum  level  falls  off  rapidly 
with  increasing  pw  or  excursion  width  W. 

2.  Blade  loading  radiation 

Having  considered  the  blade  loading  spectrum  generated  by 
representative  blade  loadings,  we  are  now  in  a  position  to  pre¬ 
dict  the  resulting  radiation.  From  equation  70,(1)  the  sound 
pressure  from  a. single  blade  loading  harmonic,  s  is 

*SPnB*  single  s  " 

The  distributive  functions  xa»  Xb*  Xj  account  for  the  linear 
interference  along  the  chord  and  span,  and  between  source  and 
image  (ground  reflection)  respectively.  For  free  field  radia¬ 
tion  and  point  loading  or  at  low  frequencies,  the  three  func¬ 
tions  are  unity.  The  directivity  function  accounts  for  the 
circular  interference  around  the  rotor  disk,  and  the  blade  load¬ 
ing  spectrum  amplitude  os  together  with  the  operating  constant 
X  determines  the  acoustic  spectrum  level.  If  the  rotor  disk  is 
uniformly  loaded,  then  the  disk  radiates  as  a  whole  and  s«0  in 
equation  14  gives  the  discrete  radiation. 

If  there  is  a  complete  spectrum  of  blada  loading  harmonics 
contributing  to  the  sound  pressure,  then  equation  83,  (1)  to¬ 
gether  with  therelative  phase  information  has  to  be  summed  for 
all  values  of  s,  equation  103,  (1)  will  now  give  the  acoustic 
radiation  thus 

,sWcont.  x  *  T  •lVaBVV*l  OS’ 
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Here  *11  the  pasebands  r.dl.t.d  fre  .tch  B.L.H.  in.  to  . 
smooth  r*dUtlor.  apectrum,  and  *.eh  mode  radiation  at  .  particular 
*B  number  construct,  a  .Booth  polar  diractivity.  for  a  flat 
B.L.H.  spectrum  {ot  la  conatant  for  all  a  valuas),  aquation  IS 
la  an  axact  raault.  Kara  there  it  no  circular  lnttrfaranca 
operating  as  In  th*  caa*  of  a  uniformly  radiating  disk  and  there- 
fora  Yq  collapaaa  aaactly  to  ml  and  X  to  XT> 

Physically  tha  D.L.  epectru.  ainaahlan  to  a  B.L.  iapuisa 
and  tharafora  tha  acoustic  spactru.  la  than! na tad  by  radiation 
fro.  a  local  loadln9  region  within  tha  rotor  disk.  It  la  not 
aupriaing  than,  that  the  polar  diractivity  tar.  XT  la  now  that 
of  a  dipole  inclined  at  tha  blada  force  angle.  Por  general  B.L. 
•pectruM  Including  random  phasing  between  blade  loading  har¬ 
monica,  aquation  IS  will  basically  hold,  except  Kq  increasingly 
contributes  to  tha  radiation  nontal  to  tha  dipole  axis  for  pro¬ 
gressively  less  Impulsive  loadings. 

Tha  blada  loading  speetrua  solitude  can  either  be  mea¬ 
sured  directly  fro.  the  blade,  or  if  the  blade  loading  varia¬ 
tions  can  be  roughly  estiaated  in  terms  of  the  aaxinua  load  change 
&L  end  width  of  load  excursion  K,  then  fro.  section  1,  where  im¬ 
pulsive  blade  loadings  are  our  mein  interest 

b, 

,  L,  ■  2  *vg  xt  CIS) 


Three  pertinenc  Blade  loading  spectrum*  and  their  resulting 
radiation  are  illustrated  in  figure  4,  a  has  now  been  replaced 
by  sc  to  accommodate  for  multiple  blade  loading  excursions.  For 
e  single  blade  loading  harmonic,  x  peesband  of  discrete  fre-  j 

qutneies  is  radiated,  (figure  4(a))  whose  radiation  Magnitude  in 
terms  of  load  solidity  pw,  number  of  load  excursions  E,  and  ex-  j 

cursion  height  tl.  Is  fro.  equation  14  end  II  I 

I 

t 

-  LLEp  i 

SP«1  "  -K-VW W*1  (l»  | 

{ 

The  first  two  terns  are  basically  constants  for  a  particular 
blade  loading  function,  and  therefore  set  the  spectrum  level. 

The  directivity  function  y^  determines  the  width  of  the  radia¬ 
tion  passband,  and  the  four  distributive  functions  X-E***b*X  *re 
unity  for  point  disk,  chord  and  span  loading  radiating  in  free 
field. 

Figure  4(b)  shows  the  effect  of  multiple  blade  loading  ex¬ 
cursions  per  bleJe  revolution.  Here  blade  loading  harmonics 
only  exist  at  multiples  of  E.  (the  concept  is  analaguous  to 
sound  pressure  harmonics  existing  at  multiples  of  B  in  the  aB 
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The  sound  pressure  harmonic  fallof f  is  now  the  resultant 
of  the  four  distributive  spectrum  functions  whose  on¬ 

set  of  effectiveness  (departure  from  unity)  is  measured  by  the 
reciprocal  of  t^elr  individual  solidities  p.  Tor  free  field 
radiation  and  point  chord  and  span  loading  io^o^o, 
Yyll,  the  relation  between  the  acoustic  spectrum  and  the 
blade  loading  spectrum  is  6dB  per  octave  within  the  limitations 
of  equation  103,(1) 


(SP>«E  sEKYq*a*bXl 
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where  q«mi-sE.  or  simply  at  low  frequencies 
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The  fact  that  a  relationship  between  the  blade  loading 
spectrum  and  its  acoustic  spectrum  has  been  established  has 
fascinating  possibilities.  It  means  that  aerodynamic  data  can 
now  be  accessed  from  the  acoustic  spectrum.  To  obtain  the  blade 
loading  coefficient  for  a  single  load  excursion,  wc  combine 
equations -15  and  14 

(S|1|cont..  .  VfWl 
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The  blade  loading  coefficient  at  the  crossover  point,  i.c. 
the  point  whore  the  fluctuating  load  radiation  starts  to  dominate 
the  steady  load  radiation  is 


Vma •  r;  *  “*!r  ■ 


Assuming  X.>^,  **-o  ssKo  and  for  the  observer  situated 
along  the  maximum  directivity  K.^K  (Note  SJBO  is  not  necessarily 


Y  is  preferred  to  y^,  as  its  zeroes  in  practice  arc  never  clearly 
resolved.  From  equation  (3,(1) 


•  ■  ji  l  bb  U 

Yq  *  "HfW  *  <§»*•  liTcosor 


i.e.  Y  rises  at  the  rate  of  3  dB  per  octave  in  m». 

The  load  solidity  oy,  the  blade  loading  spectrum  *3  and 
the  static  and  dynamic  loads  on  the  blade  can  therefore  be 
estimated  from  a  knowledge  of  the  acoustic  spectrum.  In  gen¬ 
eral  for  subsonic  rotors,  if  there  arc  large  discretes  high  in 
the  acoustic  spectrum,  then  oy  is  low  and  the  blade  Is  exper¬ 
iencing  impulsive  loading.  If  the  discretes  fall  off  quickly, 
then  nw  is  high  and  the  loading  is  varying  slowly.  If  the 
harmonics  fall  off  very  rapidly  according  to  equation  , (1) 
then  oy  *  loot  and  the  blades  are  sustaining  static  loading 
only.  For  supersonic  rotors,  the  steady  lift  dominatesthe 
acoustic  spectrum. 

3.  General  rotor  spectrum 

From  a  noise  point  of  view,  rotors  can  be  conveniently  divi¬ 
ded  into  two  clashes;  high  and  low  solidity  rotors,  bow  solidity 
rotors  are  those  with  a  few  narrow  blades  such  as  helicopter  and 
propeller. rotors.  As  a  result  of  having  few  concentrated  rota¬ 
ting  forces  (B  small),  the  steady  lift  or  thrust  (s*o)  on  this 
type  of  rotor  in  clean  flow,  dominates  the  low  frequency  rotor 
spectrum  in  accordance  with  equation  11  ,(1).  in  the  can*  - ' 


spectrum.)  Each  B.L.H.  radiates  a  pas sb and  of  discrete  fre¬ 
quencies  situated  about  sE  where  s  -  1,2,3  etc. 

Here  the  sound  pressure  spectrum  is  given  by  equation  19. 
For  low  E  numbers  or  high  H#,  the  passbands  will  overlap  and 
simple  B.L.H.  radiation  addition  discussed  in  section  $.1,(1) 
will  have  to  be  considered.  Physically  multiple  blade  loading 
excursions  correspond  to  E  equlspaced  fixed  radiated  regions 
within  the  rotor  disk.  Therefore  the  overlapping  passbands  now 
reconstruct  new  interference  patterns,  which  correspond  to  the 
interference  between  an  array  of  E  equlspaced  inclined  dipoles. 

Figure  4(c)  typifies  the  radiation  from  a  single  load  ex¬ 
cursion  per  blade  revolution  (E-l).  A  single  excursion  gives 
rise  to  a  continuous  blade  loading  spectrum,  continuous  in  the 
sense  that  the  blade  loading  harmonics  exist  at  every  sE  number* 
Therefore  equations  15  &hd  IB  now  give  the  acoustic  radiation 


equal  to  B  .  ) •  the  blade  loading  coefficient  in  dB  is  then 


20  log  20  log(SP)cont  g-20  log  (SP>fc.o*20  log  —■  (25) 


where  from  equation  12,(1) 


10  io«  -5?  *  ‘  tJ0  l0?  *?,m>  20 2<*» 


The  fractionel  change  in  load  can  then  be  calculated  from 
uO 

equation  IB  thus 


Similarly,  to  obtain  the  blade  loading  coefficient  for  a 
large  multiple  excursion  spectrum  we  can  write  down  equation  14 
twice  for  c  -  nE  and  s  •  o  thus 
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higher  riving  rotor  (propeller)#  the  steady  lift  radiates  well 
into  th«f  audible  part  of  the  acouatie  spectrum  and  therefore 
givea  a  reaaonably  indication  of  the  rotor  noise.  However  for 
the  lever  r.p.a.  rotor  (helicopter  rotor)#  the  eteady  lift 
radiation  from  the  higher  order  B.L.H.  ia  all  that  la  heard. 

In  ordir  to  predict  propeller  noiae  accurately  and  account  for 
the  aubjective  noiae  from  helicopter  rotors#  fluctuating  lift 
radiation  (a^o)  must  be  taken  into  account. 

Fluctuating  lift  ie  generated  by  varying  persistence  in 
the  rotors  disc  loading  asymmetry.  The  causes  are  numerous# 
some  obvious  effects  are  fuselage#  wings  and  forward  speed# 
examples  of  transient  effects  are  crosswind#  atmospheric  tur¬ 
bulence  and  aircraft  maneuvers.  Some  readers  may  remesiber  the 
abrupt  change  in  pitch  of  the  Spitfire's  maneuver  in  the  laet 
war.  To  produce  strong  periodic  tones  well  into  the  rotor  spec¬ 
trum#  the  loading  asymmetries  must  be  "spike  like"#  produced 
by  impulsive  type  blade  loading  functions.  Such  a  source  of 
current  interest#  is  the  banging  noise  heard  in  certain  situa¬ 
tions  on  helicopter  rotors#  sometimes  referred  to  as  blade  slap. 
Here  rotor  blades  are  thought  to  cut  or  pass  near  to  tip  vortices 
Shed  by  pro.,  eding  blade  producing  a  sudden  load  excursion.  It 
can  be  argued  that  strong  blade-tip  vortex  interaction  can  occur 
particularly  in  high  forward  speed#  and  in  hover  in  the  case  of 
a  tandem  rotor  machine.  In  either  case  the  radiated  spectrum 
frwn  the  impulsive  loading  will  be  given  by  equation  20#  and 
the  polar  directivity  will  be  dipole  like#  inclined  in  the  direc¬ 
tion  of  the  effective  blade  force  ang>*j.  If  more  than  one  blade- 
tip  vortex  interaction  occurs  per  blade  revolution,  the  multiple 
load  excursion  theory  has  to  be  considered. 

For  moderate  tip  speeds#  high  solidity  rotors  such  as  fans 
and  gas  turbine  compressors  (0  large)#  produce  negligible  steady 
lift  radiation.  This  is  immediately  evident  from  equations 
11  #(1)  and  12.(1).  For  high  values  of  B,  is  very  small 
ever,  for  the  first  harmonic  (m-1)  and  therefore  no  matter  how 
big  K  and  as  are  within  raason#  the  sound  pressure  will  be  very 
small.  However  for  tip  speeds  approaching  Mach  one#  the  mB  fall- 
off  Is  negligible  and  the  steady  lift  dominates  the  acoustic 
spectrum.  For  tip  speeds  grester  than  Mach  one#  the  harmonics 
actually  increase  with  order  for  point  loading  as  shock  waves 
propagate  from  the  blades#  and  a  loud  objectionable  noise  known 
in  the  fan  industry  as  buxz  saw  noise  Is  heard.  It  is  clear 
than#  that  to  remove  steady  lift  radiation,  a  rotor  must  have 
a  large  number  of  blades  and  operate  at  low  tip  speeds. 

Unfortunately#  fluctuating  lift  radiation  is  not  reduced 
by  increasing  a  rotors  solidity#  and  any  disc  loading  asymmetry 
produced  in  high  solidity  rotors  again  produces  large  discrete 
radiation,  rurther  example*  of  asymmetry  are  motor  support 
struts  on  high  speed  fans  and  stator  blades  on  gas  turbine  com¬ 
pressors.  Hence  the  blades  experience  impulsive  blade  loading 
fluctuations  as  the  blades  pass  over  the  obstructions  in  the 
flow.  Essentially  there  is  little  difference  between  rotor- 
stator  interaction  and  blade-tip  vortex  interaclion  previously 
mentioned.  Basically  only  the  number  of  load  excursions  and 


rotor  frequency  are  different#  the  blade-tip  vortex  radiation 
is  therefore  heard  as  a  banging  noise  and  rotor-stator  radia¬ 
tion#  because  of  the  more  frequent  load  excursions#  is  heard 
as  a  high  pitch  whine. 

Large  number  of  load  excursions  produce  fascinating  rotor 
spectrums.  Figure  5  ia  an  example  of  such  a  spectrum.  Here 
the  emphasis  is  on  the  radiation  addition  of  a  fsw  B.L.H.  pass- 
bands  situated  at  multiple#  of  E#  rather  then  the  summation  of 
a  complete  spectrum  of  blade  loading  harmonics  s  for  £-1.  In 
the  figure#  the  passbends  are  represented  by  flat  plateaus  of 
length  given  by  equation  9#(1)  situated  about  q-o  where  s+sE 
for  E>1#  their  level  of  course  would  be  given  by  the  blade  load¬ 
ing  function  x8.  The  sound  pressure  harmonics  are  represented 
by  the  dotted  lines  and  occur  at  multiples  of  a.  Any  rotor  spec¬ 
trum  esn  be  constructed  in  this  way.  In  the  illustration#  the 
rotor  spectrum  represents  a  fret  field  compressor  with  23  rotor 
blades  and  36  stator  blades.  It  can  be  seen  that  the  first 
tound  pressure  harmonic  does  not  radiate#  it  is  below  cut  off# 
only  the  first  B.L.H.  contributes  to  the  second  sound  pressure 
harmonic  and  s«l  and  2  to  the  third#  the  radiation  addition  here 
is  discussed  in  Section  5.1# (1).  By  rearranging  equation  9#U) 
for  the  lower  cut  off  ml  number 

(ml)  ■  i  cos  a  (32) 

it  can  be  seen  that  for  particular  combinations  of  sE  and  mB# 
certain  sound  pressure  harmonics  do  nob  radiate.  For  example 
it  can  be  said  that  for  the  fundamental  blade  loading  harmonic 
(*■1)#  the  fundamental  blade  passage  frequency  (m-1)  will  not 
radiate  if 

I  <  1  ♦  CO.  o  (33) 

Also#  by  choosing  a  convenient  blade  numbe#:  B  and  excur¬ 
sion  number: E  combination#  the  q*o  mode  radiation  can  be  seen 
to  be  avoided.  In  terms  of  frequency  f-mev#  our  compressor 
example  running  at  say  N-lOOHz#  the  spectrum  above  mB-140 
(f-14#000Hz)  is  of  no  further  interest. 

4.  Heaeured  rotor  spectrums 

To  help  illustrate  the  theory#  several  measured  rotor  spec¬ 
trum s  from  rotors  of  widely  different  solidity  and  operating 
conditions  are  analyzed.  Figure  ((a)  is  one  of  many  acoustic 
spectrums  of  a  0H4  Bell  helicopter  measured  by  Fegg  reference 
3.  Here  the  main  rotor  has  B*2  blades,  a  tip  radius  rt-16.6$  ft. 
and  a  shaft  frequency  of  N-6.6  Hz,  giving  a  tip  Mach  number  of 
Mt»0.62.  The  rotor  was  lifting  Lj-2750  lbs.  at  a  forward  speed 
of  61  knots,  its  altitude  was  SOO  ft.  and  1200  ft.  head  of  the 
microphone,  making  an  elevation  angle  of  o*23#.  The  microphone 
height  was  5  ft.  above  a  grass  covered  terrain  and  the  analysis 
made  on  a  2Hz  constant  bandwidth  analyser. 

In  the  figure#  the  steady  lift  radiation  is  seen  dominating 
the  low  frequencies  In  accordance  with  equation  1#(1)  for  s-o 
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(attuning  e»6*),  The  first  harmonic  m-1  it  muted  through  the 
low  frequency  response  of  th«  rtcordtr  (20  Hz),  but  the  har¬ 
monic  falloff  it  1.5db  per  ml,  and  it  given  by  equation  11,(1) 
using  a  value  of  rc«0.9rt.  The  remainder  of  the  spectrum  it 
contributed  by  fluctuating  lift,  here  discrete  frequencies 
stretch  well  into  the  acoustic  spectrum  at  multiple  of  the 
blade  passage  frequency.  The  rotor  is  therefore  experiencing 
impulsive  loading,  the  radiation  from  which  is  given  by  equation 
20.  It  is  difficult  to  assess  the  exact  contributions  of  each 
of  the  functions  in  equation  20  without  blade  loading  informa¬ 
tion,  but  by  making  a  few  first  order  assumptions  progress  can 
be  *iade.  Firstly,  the  spectrum  is  noticeably  modulated  by  the 
image  spectrum  function  x* .  caused  through  ground  reflection 
(equations  67,(1)  and  68,(1)).  in  this  particular  measuring 
set  up,  the  helicopter  height  is  less  than  its  range  and  there¬ 
fore  the  first  and  second  spectrum  zeroes  fz  are  130Hz  and  390Hz 
and  are  adequately  given  by  equation  69(b),(l)  where  n«l  and  3. 
Other  simultaneous  acoustic  spectrum#  taken  at  different  obser¬ 
vation  positions,  show  that  the  fz  move  around  in  the  spectrum 
according  to  the  above  equations. 

Taking  account  of  Xj  and  neglecting  the  harmonics  of  the 
tall  rotor  particularly  and  the  spectrum  falloff  will 

be  given  by  KT,  mB,xgXaVb*  In  all  probability  the  spectrum  is 

generated  from  a  single  load  excursion  per  blade  revolution  E«l. 
and  therefore  the  polar  directivity  will  be  highly  directional 
(that  of  a  dipole  inclined  at  the  effective  blade  force  angle). 


defined  for  the  observer  at  0*  azimuth.  If  the  observer  lies 
along  the  axis  of  the  dipole  then  cosS  sin?  is  effectively  unity 
in  Kf  and  the  impulsive  spectrum  will  have  its  maximum  value. 

If  the  load  excursion  occurs  on  the  starboard  side  of  the  heli¬ 
copter  rotor,  then  the  lower  looc  of  the  dipole  will  be  tilted 
towards  the  ground  in  the  direction  of  forward  motion.  Listen¬ 
ing  to  the  sfv  A  pressure  tine  histories  of  advancing  'blade 
slapping*  helicopters  supports  this  description,  i.c.  the  bang¬ 
ing  is  heard  when  approaching  and  then  stops  overhead. 

Before  v«i  can  estimate  the  blade  loading  spectrum  function 
*s’  wc  nu,t  a**c»s  the  effectiveness  of  the  chord  and  span  dis¬ 
tributive  func**a'S.  The  chord  solidity  and  first  (mB)z  would 
be  and  W)  z*100  assuming  a  rectangular  chord  distribution 

of  aM  ft.  If  a  tip  vortex  blade  interaction  is  the  cause  of 
the  impulsive  loading,  it  is  unlikely  that  the  wholu  span  length 
would  be  affected.  Therefore-assuming  an  effective  span  length 
of  say  b»2  ft.  and  a  rectangular  distribution,  the  corresponding 
span  solidity  and  first  (nB)z  is  1%  and  100  respectively.  For 
more  realistic  distributions, -say  the  half  cosine  function,  a 
solidity  of  1%  vt  *i  give  CmB)z»15d.  In  either  case  the  depart¬ 
ure  from  unity  of  nd  xh  functions,  would  not  be  appreciable 
ot  nft«30. 

with  the  above  assumptions,  the  spectrum  hump  situated 
around  mB»30  must  be  that  of  the  blade  loading  spectrum  function 
alone.  Pcfcrrlng  to  figure  2,  something  similar  to  the  full 
sine  X-  function  with  a  load  solidity  ew*)t  would  best  account 


for  the  acoustic  spectrum.  This  is  most  encouraging  as  the 
full  sine  type  blade  loading  function  >s  consistent  with  what 
is  thought  to  occur  when  a  blade  cuts  or  passes  near  to  a  tip 
vortex,  reference  4.  Also  in-flight  blade  loading  measurements 
reference  5  on  a  XH-51A  coapount  helicopter  show  blade  loading 
functions  similar  to  the  zero  lift  full  sine  function  but  with 
load  solidities  of  the  order  of  50%.  In  this  case  the  spectrum 
hump  would  occur  at  mB*2,  giving  little  high  order  discrete 
radiation.  Assuming  a  x$  function  of  the  full  sine  type  (of 
Pw»3!  and  EM) ,  then  from  equations  25  and  26,  the  maximum  blade 
loading  coafficient  a^-30  is  -50dB  or  l/300th,  and  corresponds 


Figure  6(b)  is  an  acoustic  spectrum  from  a  low  solidity 
high  reving  rotor  (OVlO  propeller) .  The  salient  operating  con¬ 
ditions  are  B»3,  rfc«4.25  ft,  N«26.6  Hz,  Mfc  ■  0.64  torque  1000 
ft.  lbs.  (T.^1200  lbs.)  a*0.6  ft.,  o*0*  R*50  ft.,  analyser  band- 
width*2Hz.  Because  of  few  blades,  the  steady  lift  radiation 
can  be  seen  dominating  the  low  frequency  spectrum  according  to 
equation  1,(1)  and  the  harmonic  falloff  <2.?dB  per  mB)  is  given 
by  equation  11,(1)  uaing  a  value  of  rft-0.8rt.  The  spectrum  is 
typical  of  many  spectruas  investigated  by  crlgler  reference  6, 
and  shows  the  so  called  vortex  shedding  hump  resolved  into  an 
almost  flat  spectrum  of  discretes.  Subharmonics  can  also  be  seen 
in  between  the  main  harmonics,  and  occur  because  the  blade  forces 
arc  unequal,  i.e.  each  blade  force  is  unique  and  therefore  gen¬ 
erate  harmonics  at  multiples  of  mB  where  B»l. 

The  spectrum  is  probably  generated  by  a  single  load  cxcur- 
tion  E»1  and  the  harmonic  falloff  will  therefore  be  given  by 
“^sVb11!'  Again  it  is  difficult  to  access  the  effectiveness 
of  each  of  the  spectrum  functions  without  blade  loading  data. 
However  X|  appears  ineffective,  and  assuming  a  chord  and  span 
solidity  of  less  than  1%,  x4\b  will  have  little  effect  on  the 
spectrum  shown.  The  spectrum  envelope  will  then  be  aBj<#.  i.c. 
xs  is  falling  off  at=6dft  per  octave  in  mi.  Referring  to  fig. 
14,(1)  a  triangular  type  blade  loading  function  would  then  test 
fit  this  blade  loading. spectrum.  The  came  result  could  be  Ob¬ 
tained  using  say  a  half  cosine  type  function  together  with 
lover  chord  or  span  solidities.  The  truth  is  probably  a  com¬ 
bination  of  both.  In  either  case  the  rotor  is  experiencing 
impulsive  loading,  and  the  blade  loading  coefficient  a#  at  the 
crossover  point  (»BM2)  fr*m  equation  24  and  26  (assuming  the 
observer  is  along  the  maximum  directivity)  is  -69dB  or 
Nothing  can  be  said. about  the  fractional  change  in  load  without 
a  knowledge  of  the  load  solidity. 

Figure  6(c)  is  a  spectrum  from  a  high  speed  high  solidity 
rotor  (3  stage  axial-flow  compressor)  Investigated  by  Chcstnutt 
and  Clark  reference  7.  The  operating  parameters  are  D*2J,I>J6. 
rt«0.5  ft.  N>299llz,  H^O.B,  horsepower* 800  (TT*JO0  lbs.  first 
stage)  *"60*  RM00  ft.  from  bcllmouth.  Measurements  were  made 
in  the  anechoic  chamber  and  the  analysis  performed  on  a  50Hz 
analyser.  Due  to  a  large  blade  number,  the  steady  loading  s»o 
is  not  contributing  to  the  rotor  noise  at  this  particular  opera¬ 
ting  tread  (MyO.ft)  and  observation  angle  (a«6ft*|,  If  for 
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•xiaplt  thi  rotor  had  only  on*  blade  (all  other  things  being 
equal)  then  the  steady  load  radiation  would  have  been  140d»  at 
the  first  harmonic.  Or  at  supersonic  speeds  the  steady  load 
line  s»0  would  become  horizontal  at  0aO*  (see  fig.  10,(1))  and 
the  steady  load  radiation  then  dominates  the  spectrum  irrespective 
of  blade  number. 

However  in  this  particular  situation  the  steady  load  con¬ 
tribution  to  the  first  harmonic  is  only  2ldB  end  the  harmonic 
fallcff  given  by  y^  i»  4.6dB  per  mB.  The  spectrum  is  therefore 
generated  by  impulsive  loading  caused  through  rotor-stator  inter¬ 
action.  Here  because  of  the  large  number  of  load  excursions  E, 
the  acoustic  spectrum  will  be  given  by  equation  If.  The  first 
and  second  sound  pressure  harmonics  a.»l.  »j-2  of  the  first 
stage  compressor  can  be  seen  dominating  the  spectrum  at  mB*23 
and  46,  The  first  harmonic  m2*l  of  the  second  stage  is  at  mB«31 
and  the  first  harmonic  of  the  third  stage  is  at  mB«46. 

The  subhanaonlcs  at  multiples  of  mB  where  B*l,  is  caused  through 
unequal  blade  forces  as  explained  previously. 

Because  of  the  high  shaft  speed  and  large  blade  number, 
the  separation  between  the  first  and  second  sound  pressure  har¬ 
monic  of  the  first  stage  is  almost  7  KHz  and  practically  the 
entire  audible  acoustic  spectrum  0-14KPz  is  covered  by  these 
first  two  harmonics.  (Zt  is  interesting  to  compare  this  spec¬ 
trum  with  the  equivalent  first  two  harmonics  of  the  helicopter 
rotor  spectrum  which  covers  only  24Hz).  The  passbands  for  the 
first  and  second  blade  loading  harmonic  s-1,  s*2  for  the  first 
stage  are  shown  in  dotted  outline.  It  can  be  seen  that  only 
the  s*l  blade  loading  harmonic  contributes  to  the  first  sound 
pressure  harmonic  and  s*l  and  s»2  to  the  second.  The  first 
harmonic  is  right  at  the  end  of  its  pausband  and  by  reducing 
the  rotor  tip  speed  a  little,  the  passbands  will  shrink  accord¬ 
ingly  thus  cutting  off  the  first  harmonic.  Fro-t  equation  30  the 
blade  loading  coefficient  at  th,'  first  harmonic  mB»23  is 
Ojj  *  -  47dB  or  ■jjjjth  approximate^. 
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INTRODUCTION 

This  paper  presents  the  results  of  a  program  of  helicopter  rotor 
noise  measurement.  T no  program  was  carried  out  using  a  3  bladed 
«.0- foot-diameter  CH-47B  rotor  on  the  Hoaing-Vertoi  engineering 
rotor  whirl  tower.  The  p.ruary  objectives  of  the  program  wore: 

1.  To  obtain  acoustical  data  over  a  frequency  range  wide  enough 
to  uefinc  all  elements  of  rotor  noise  under  well-documented 
aeblcnt  conditions. 

2.  TO  treasure  the  tip  vortex  position  with  respect  to  a  trailing 
blade  using  high-speed  cameras  and  smoke  to  visualise  the  hip 
vortex,  and  to  relate  blade-vortex  separation  distance  to 
noise  level. 

3.  To  determine  the  propagation  characteristics  of  re  tor  noise. 

4.  To  evaluate  two  current  analytical  procedures  for  predicting 
rotor  noise  (Ref.  1,  2)  against  the  measured  data. 

The  testing  on- the  CO-foot-diamctcr  rotor  encompassed  a  range  of 
tlpspccds  from  600  to  'J00  fps  and  thrusts  from  6,300  lb  to  32,000  lb 
(disk  loadlngs-of  2.2  to  11.3  psf).  There  have  been  several  programs 
aimed  at  measurement  of  pressures  on  the  surface  of  a  rotor  blade, 

4#  *  but  these  studies  have  been  concerned  with  rotor  performance 
and  have  not  recorded  data^with  sufficient  frequency  response  to  be 
useful  in  noise  research.  For  the  most  part  this  was  due  to  the 
general  unavailability  of  adequate  instrumentation.  Several 
programs  have  also  been  performed  ***  7  to  collect  noise  data  m-the 
near  and  far  field  of  the  rotor  and  at  several  positions  of  rotor 
azimuth.  Much  of  this  data  has  been  obtained  un  flight  aircraft 
and  therefore  includes  all  other  noise  sources  inherent  in  such  a 
vehicle.  In  at  least  one  Other  program,  smoke  has  been  released 
at-tho  tip  of  a  blade  to  study  the  blade  wake  in  terms  of  the 
position  of  the  tip  vortex.*®  However,- r.o  data  i.i  terms  of  a 
complete  noise  measurement  program  has  been  published  for  adequate 
study  of  the  generation  and: propagation  of  the  noise  of  helicopter 
lifting  rotors. 

The  conccpt  of -the  program^ described  m  this  paper  was  f al  to  clarify 
the  situation  (at  iQist  inpart)  by  dealing  with  the  simplest  case, 
namely  a  single  hovering  rotor,  (b)  providing  instrumentation 
adequate  to  the  task  of  defining  the  complete  acoustical  signature, 
(c)  devising  a  test  technique  which  would,  insofar  as  possible. 


permit  separate  identification  of  the  noise  sources,  and  then  to 
(d)  compare  these  results  with  current  "state-of-the-art"  analytical 
predictions  in  order  to  more  accurately  assess  current  capabilities 
and  to  identify  the  more  serious  shortcomings. 

The  rotor  system,  tested  in  tnls  program  is  that  designed  for  the 
Army  CII-47B  "Chinook"  helicopter  and  is  a  thrce-bladed,  fully 
articulated  rotor  of  30  feet  radius  and  25.25  inch  chord. 

The  individual  rotor  blades  are  fabricated  from  a  steel  "D"  spar 
with  fiberglass  laminate  covered  trailing  edge  boxes.  The  airfoil 
is  a  23010-1.58  section  as  shown  in  Figure  1  and  the  blade  is 
...tapered  in  either  planform  or  tnickness.  The  tip  of  the  blade 
i irninates  in  a  simple  plate  closing  the  outboard  box,  a  "square 
tip".  For  the  purpose  of  this  investigation  the  blade  was  modified 
by  thj  addition  of  smoke  generators.  The  smoke  generator  canisters 
had  been  developed  previously  for  a  flight  tost  program  on  a  CH-46/ 
helicopter  *®. 

The  subject  program  was  conducted  on  the  bccing-Vertol  Engineering 
Rotor  Test  Facility  (Figure  2).  The  rotor  on  this  tower  is  50 --ft. 
above  lie  ground  and  is  powered  by  a  10,000  hp  electric  motor  which 
drives  through -a  water-cooled  clutch.  The  ulcctric  drive,  along 
with  suitable  gear  reduction  system,  is  housed  in  the  concrete  base 
of  tin.  structure.  This  base  serves  to  nmir'zc  the  drive  system 
noise  radiated  outside  to  a  lew l  which  is  negligible  when  making 


Figure  1  Test  Airfoil 


ROTOR  DIAMETER 


Figure  2  Rotor  Teat  Tower 

rotor  noise  measurements.  The  fundamental  control  modes  available 
arc  rotor  speed,  and  thrust- which  is  achieved  throvjh  collective 
pitch.  No  cyclic  pitch,  or  sn.ift  angle  variation  was  utilized. 

Rotor  rpm  readout  in  available  to  the  townr  operator  and  rotor 
speed  can  be  maintain'd  ».«,  an  .»>.curac>  limited  by  variations  in 
aeldent  wind,  generally  to  within  I  »;»m. 

The  microphones  used  were  of' the  condenser  type  andwerc  located 
as  illustrated  in  Figure  2.  Yho  microphones  designated  0.2R,  1R,  io, 
3D,.  SU  were  used  to  acquirc-tl.c  primary- data.  As  shown,  they  wore 
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supported  by  cables  And  Arranged  along  a  single  path  from  a 


point  juat  below  the  blade  hub  to  the  ground.  The  direction 
chosen  permitted  a  large  radial  distance  without  proximity  to 
other  buildings  or  structures.  Zn  general,  the  microphone 


array  was  upwind  of  the  rotor.  These  microphones  wcro  selected 


for  this  program  because  of  their  high  sensitivity  at  low 


frequencies  as  well  as  flat  frequency  response  characteristics. 


This  is  especially  important  for  the  study  of  rotational  noise. 


where  fundamental  blade  passage  frequencies  may  lie  below  10  Hz. 

In  specific,  the  microphones  employed  were  Photocon  747  transducers 
with  Dynaga  ;e  DG-605D  signal  conditioners. 

Ideally,  it  would  have  been  desirable  to  have  several  radial 


arrays  of  these  low  frequency  microphones,  each  along  a  different 


azimuth  direction.  Since  program  limitations  and  equipment 
availability  precluded  such  an  extenrive  system,  it  was  decided 
to  preside  four  monitor  microphones  -ocatod  around  the  tower  base 


as  noted  in  Figure  2.  These  were  Oruol  and  Kjaer  Type  4131  condenser 


microphones  of  more  conventional  frequency  range.  In  this  program 
It  was  not  intended  that  this  information  be  made  available,  but 


rather  that  if  the  primary  data  should  appear  inconsistent,  they 
would  permit  the  possibility  of  determining  whether  a  change  in 
directivity  of  the  radiated  sound  might  be  responsible  for  the 


inconsistencies. 


The  acoustical  and  atmospheric,  information  was  recorded  on  an 
Ampex  FR-1300  wide  band  FM  system  operating  at  a  tape  speed  of 
30  ips.  The  acoustical  inputs  were  continuously  monitored  on 


individual  oscilloscopes  to  determine  the  required  attenuation, 
or  amplification  in  order  to  ensure  optimum  quality  data  with 
a  high  signal  to  noise  ratio.  The  use  of  monitoring  oscilloscopes 
also  permitted  the  engineer  to  observe  noteworthy  changes  in  noise 
characteristics  as  the  test  progresses.  The  Do  ing-Vertol  Nobile 
Acoustical^ Laboratory  was  used  as  a- test  control  center  for  data 
acquisition.  Figure  3  shows  several  views  of  the  instrumentation 
employed.  Prior  to  the  test  program  each  complete  data  system  was 
calibrated.  A  system  was  defined  as  a  combination  of  microphone 
transducer,  cathode  follower,  cables, -signal  conditioner,  and 
recording  track.  Once  calibrated,  theelements  remained  as  a  non- 
interchange  able  system  for  the  remainder  of  the  program. 


Since  the  program  was  essentially  a  hover  program,  small  changes -in 
ambient-wind  conditions  could  become  important.  To  monitor  ambient 
conditions,  an  anemometer  and  wind  vane  were  erected  on  a  50  foot 
high  mast  approximately  150  ft.  from  the  rotor  tower.  This  tower 
located  the  instrumentation  at  the  same  height  above  the  ground 
as  the  rotor,- but  kept  It  far  enough  away  to  be  relatively 
unaffected  by  the  rotor  downwash.  The  output  of  the  velocity 
Indicator  was  recorded  directly  on  the  magnetic  cape  along  with  the 
sound  pressure  level  data.  Ambient  temperature  and  barometric 
pressure  were  measured  at  ground  level :but  not  recorded  on  tape. 


These  data  were  used  both  for  correction  with  the  acoustical 


Information  and  for  the  tower  torque/thrust  calibration.  Prior  to 
the  test  program,  an  evaluation  was  made  to  determine  the  influence, 
if  any,  of  the  tower  structure,  nearby  buildings,  and  the  terrain 


itself  on  the  acoustical  signals  sensed  by  the  microphones  by 
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Figure  3  Test  Instrumentation. 


reverberations  tests  conducted  with  38  caliber  blank  revolver 


cartridges.  The  results  of  this  are  discussed  later. 


Smoke  generators  were  ignited  in. the  blade  tips  to  mark  the 


vortex.  High  speed  motion  pictures  were  taken  of  the  smoke 


utilizing  two  cameras  which  wereplaced  on  the  tower,  one  aimed 


toward  the  blade  tip  from  just  under  the  rotor  at  about  0.2R, 


and  one, aimed  upward  from  the  ground  at  the  tower  base.  These 


two  cameras  provided  vortex  position  measurements  at  one  azimuth. 


Two  additional  cameras  were  mounted  in  the  rotating  system  to 


the -desired  blade  and  vortex  positions. 


DATA  REDUCTION 


The  primary  analysis  used  for  the  reduction  of  the  acoustical  data 


1  ] 


t  ? 


measure  the  separation  between  a  trailed  vortex,  and  the  blade 
which  followed  the  vortex  generating  blade.  In  order  to  meuture 
the  films  for  vortex  position,  two  cable  grids  with  pir.g-pvng 
balls  securely  attached  for  targets  were  used.  Measuring- the 
images-of  the  targets  and  combining  those  measurements  with 
knowledge  of  the  earners  positions  and  the  target  positlons-produccd 


employed  techniques  and  equipments referred  to  as  Real  Time  Digital 
Analysis.  Application  of  this  relatively  new  technique  to  the  study 
of  rotor  noise  is  one  of  the  major  innovations  of  this  program. 


Before  discussing  the  detailed  application  of  the  processing  to 


rotor-noise  data,  it  will  be  helpful  to  characterize  some  aspects 
of  rotor  noise  and  to  agree  on  convenient  terminology,  first  of 


all,  it  is  important  to  recognize  that  any  real  data,  even  low 
wind  hover,  will  display  many  transient  changes  due  to  uncontrol lab: 


104 


£**5 


AN  INVESTIGATION  Of  NOISE  GENERATION  ON  A  HOVERING  ROTOR 


variables.  Thtse  may  be  minor  in  nature,  or  may  be  so  large 
that  they  completely  dominate  the  acoustical  signature.  For 
many  purposes,  especially  when  comparing  data  with  analytical 
predictions,  it  is  important  to  know  whether  the  data  under 
discussion  is  invariant  with  tine  or  contains  the  afovomentioned 
transients.  In  this  paper,  all  data  will  bo  defined  either 
as  “steady  state*,  implying  that  it  is  valid  at  any  time,  or  as 
"transient",  implying  that  it  is  only  valid  At  a  particular 
instant  in  time, 

A  second  sot  of  definitions  which  apply  to  the  frequency  (rather 
than  the  time)  domain  are  the  terms  'discrete*  ard' broadband* 
which  describe  the  amplitude- frequency  distribution.  There  is  no 
rigorous  definition  of  discrete  but  it  can  be  easily  understood 
that  it  implies  a  concentration  of  acoustical  energy  in  a  rather 
narrow  range  such  that  the  levels  at  adjacent  higher  and  lower 
frequencies  are  significantly  less.  It  should  be  kept  in  mind 
that  these  discrete  frequencies  may  be  harmonically  related  to 
the  rotor  passage,  (and  to  each  other)  or  may  be  independent  If 
produced  by  a  non-harmonic  source. 

In  this  program,  steady  state  harmonic  analyses  were  used  for 
comparison  with  analytical  predictions,  while  transient  analysis 
was  used  to  study  tip  vortex  noise  phenomena.  In  order  to  compare 
the  broadband  vortex  noise  with  analytical  prediction,  conventional 
octave  band  analyses  were  pcrformedusing  analog  equipment  (BfcK 
2112  Spectrum  Analyzer  and  BfcK  2305  Level  Recorder).  This  method 
was  used  because  the  prediction  method  is  essentially  a  statistical 
matching  of  data  with  blade  operating  parameters. 
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Figure  4 


Discussion  or  rlsouts 

A  fundamental  purpose  of  the  program  was  to  document  tr.  *  noise 
of  a  rotor  over  a  broad  range  of  test  variables  and  under 
conditions  which  wer«  closely  monitored.  Thi*»  was  accomplished 
with  a  recording  system  which,  as  previously  demerit'*  j,  had  a 
frequency  response  which  had  no  sensitivity  variation  o*,vr  a 
frequency  range  of  2  -  5000  Nz  and  was  within  -*  di*  of  the 
nominal  value  over  the  range  5000-10,000  Hz. 

The  basic  data  was  analyzed  for  the  range  0-500  I'*  a.  J  averaged 
over  32  rotor  cycles  to  preserve  definition  of  Individual 
harmonics  of  blade  passage  for  a  broad  frequency  range.  A  repre¬ 
sentative  matrix  of  data  was  also  analyzed  over  the  frequency  range 
0-10,000. 

Figure  4  presents  a  typical  set  of  data. 

HBVi.lt  Id.  RATIO!! 

The  influence  of  reflective  surfaces,  )n^tu*nr.j  the  jr%-»nd  plane, 
was  investigated  and  it  was  shown  that  data  fr^n  microphones  at 
0.2K,  Ik  and  ID  were  '»ot  generally  degraded- from  acoustical 
reflection.  However,  data  observed  at  toe  ju  and  ,i*  {., nations 
were  not  free  field.  Agreement  Iwivft  n  trv  pr^di  it  ion  and 
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AN  INVESTIGATION  OF  NOISE  GENERATION  ON  A  HOVERING  ROTOR 


Muurimnt  1«  evidence  that  only  the  ground  reflected  wave  was 
the  major  source  of  interference.  Destructive  interference  of 
the  ground  reflected  ray  with  the  unreflected  incident  wave 
occurs  in  the  range  of  signal  frequencies  which  correspond  to 


one-half  the  wavelength  of  the  period  associated  with  the  time 
delay  between  incident  and  reflected  wavefronts.  The  pressure 
amplitude  at  a  microphone  resulting  from  the  incident  and  time 
delayed  reflected  wave  is, 


P3D  "  po  **n  *  *po  8*n  Mt  ♦it)) 

PQ  -  Pressure  amplitude  of  original  wave 

a  -  attenuation  coefficient 
At  -  time  delay  of  reflected  wave  (sec) 
w  -  sound  frequency  (rad/sec) 

expanding, 

P3D  *  po  *in  wtr  ♦  *po  *in  w>t  cos  w.lt*  cos  o.t  sin  w.A t 

•  P-  »in  ut  (1  ♦  a  cos  u.&t)  ♦  (aP0  sin  wit)  (cos  ut) 

•  P0  a’  sin  (ut  ♦  t) 

i  2  2  l/l 

((1  ♦  a  cos  u.2t)  ♦  a  sin  (w.&t)} 


where  a 
and 


,  .  r  .  ?,tn 

1  ♦  a  cosw.it  I 


Xn  the  form  of  the  identity, 

a'  •  [1  ♦  2  a  cos  u.at  ♦  a2  cos*  »,it  ♦  a*  sin2  u.fit]*^2 

_  */* 
or  a*  »  £1  ♦  4  a  cos  w.At  +  a  J 

The  measured  sound  level  at  3  diameters  is 
SP Lyj  •  SPLo  .♦-20  log  a» 

where  SPL0  is  the  level  from  the  incident  wave  only. 
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figure  5  Signal  Amplification  Due  to  Reflection. 
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Evaluation  of  the  attenuation  coefficient,  a1 ,  then  permits  a 
correction  to  be  made  to  obtain  free  field  data.  20  log  a(  is 
plotted  ae  a  function  of  frequency  in  Figure  5. 

HARMONIC 

Predicted  levels  for  the  test  rotor  have  been  compared  with 
mea*uremente-(e.9.  Figure  6)  for  those  frequencies  which  arn 
identifiable  as  harmonics  of  blade  passage.  The  theory  o£ 
Reference  1  has  been  corrected  for  the  specific  test  site 
conditions  for  reflection,  by  the  method  developed,  and  the 
reflected  wave  amplitude  hes  been  corrected  for  source  directivity. 
The  underprediction,  es  noted  by  Lowson,  is  thought  to  result  from 
the  lack  of  adequate  high  harmonic  sensitivity  of  the  instrumen¬ 
tation  which  measured  airloads  utilized  by  him  in  developing 
the  theory.  This  difference  between  predicted  and  measured  levels 
is  also  illustrated  in  Figure  7,  the  zero  reference  being  the  data 
value. 
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Figure  6  Comparison  of  Harmonic  Data  with  Theory  of  Ref.  1 
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Figure  7 


HADE  PASSAGE  HARMONIC  THRUST 
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Normalized  Comparison  of  Harmonic  Data 
Nith  Theory. 


Comparisons  of  the  data  with  predictions  in  terms  of  tip  Mach 
number  and  thrust  coefficient  were  alto  made.  Good  agreement 
was  also  displayed  at  harmonic  numbers  of  blade  passage  below 
five,  because  of  this  agreement,  at  low  harmonic  numbers,  the 
fundamental  blade  passage  frequency  was  used-in  investigating 
data  trends  with  tip  speed,  illustrated  in  Figure  8.  The  date 
shown  for  the  lowest  thrust,  displays  a  $.3  power  lew  trend. 

This  slope  decreases  with  incressing  thrust- to  n  ■  3.4.  straight 
lines  were  fit  to  the  date  by  theimcthod  of  le»st  square*.  Power 
law  trends  at  the  low- thrust  values  are  in  conformance^ with  other 
published  data. 
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Figure  8  Tipspead  Trends. 


It  can  be  generally  concluded  that  the  low  harmonics  of  blade 
passage  are  predictable  in  that  they  can  be  estimated  to  within 
S  db  of  the  measurement  value,  at  least  over  the  range  of 
operating  condition*  investigated  in  this  program.  Further, 
it  is  not  surptiulng  that  the  best  agreement  between  theory  and 
data  is  in  he  same  range  ot  tip  speeds  and  thrusts  as  the  airload 
data  which  Scheiaan  reported  and  which  Lows on  utilized  for 
development  ofrhis  Reference  1  theory.  Airloading  data  with 
improved  high  harmonic  content  appears  to  be  the  solution  to 
increased  accuracy  t»f  noise  prediction. of  lifting  rotors. 

1*  ROAD  HAND  NOISE 

Tabic  I  presents  a  co-iparieon  of  methodszfor  broadband  noise 
prediction  developed  by  other  researchers  working  in  helicopter 
noise.  The  constants  in  the  expressions  presented  account  for  the 
field  point  where  comparison  data  was  obtained.  Predictions  have 
been  made  for  only  one  data  point. 

TRANSIENT  IMPULSIVE  NOISE 

In  previous  investigations-of  the  noise  generated  fron  a  hovering 
rotor  as  reported  m  Reference  9,  a  transient,  impulsive  noise 
was  observed  above  the  relatively  constant  rotational  noise.  This 
noise  dominates  the  signature  an!  becomes  greaterin  magnitude 
with  increasing  tip  speed  and  thrust.  It  had  been  previously 
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hypothesized  that  this  impulsive  signature  was  due  to  blade-vortex 
intersections  and,  therefore,  smoke  visualization  of  the  vortex  was 
used  to  measure  vortex  position  in  order  to  correlate  blade-vortex 
separation  with  recorded  noise  level.  Figure  9  illustrates 
typical  results  from  the  vortex  position  analysis.  These  measure¬ 
ments  and  extrapolations  indicate  that  intersections  occur  for 
all  the  conditions  observed.  Of  special  Interest  is  the  fact 
that  intersections  were  observed  for  a  low  thrust  condition 
(Figure  9b)  for  which  no  transient  impulsive  noise  was  observed,, 
and  for  a  higher  thrust  condition.  Figure  9a,  which  did  display 
a  transient  impulsive  noiscinits  signature.  Thus  any  correlation 
between  separation  and  the  occurrence  of  this  impulsive  noise  is 
not  meaningful. 

Since  the  existence  o.*  absence  of  transient  impulses  in -an 
acoustical  signature  cannot  be  determined  by  the  existence  or 
absence  of  bladc-vortcx  intersections  alone,  one  of  the  following 
conclusions  can  be-drawni  (a)  the  vortcx=does  not  enter  into  the 
requirement  for  impulsive  noise  generation,  or  (!•)  the  presence 
of  the  vorte:  is  not  the  total  determinant  of  impulsive  noise 
generation.  Discussion  of  this  is  continued  in  the  following 
section  along  with  a  possible  mechanism  of- generation  of  single 
rotor  transient  noise. 
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Figure  9*  Blade  Vortex  Separation  Measurements  With 
Rotating  Camera 
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Figure  9b  Blade  Vortex  Separation  Measurements  With 
Rotating  Camera. 
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STUDIES  RELATING  TO  STEADY  AND  UNSTEADY  AEROOYRAHICS 
Or  HELICOPTER  ROTORS 
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Itroti  V.  McCormick 
D«p«rtMnC  of  Aerospacs  Engl  ms  ring 
The  Pennsylvania  St* t*  University 

Am 

This  paper  describes  the  results  of  research  projects  which 
aru  presently  being  undertaken  by  the  Department  of  Aerespecc 
Engineer lnp.  The  Pennsylvania  State  University,  relating  to  the 
steady  and  unsteady  aerodynamics  of  helicopter  rotors.  Osphesis 
is  placed  in  particular  on  the  ARO-D  sponsored  project  which  is 
concerned  primarily  with  blade  notion  and  air  .’loads  for  lsrge 
helicopters.  In  addition,  however,  results  of  s  roter-vortex 
interaction  study,  including  a  short  sound  novle  ste  presented. 

In  the  AJtO-b  project  means  arc  being  explored  for  reducing  the 
e.cesaive  flapping  to  be  expected  with  large  rotora.  Using  s 
Lagranglan  approach,  equations  of  motion  have  been  developed  for 
coupled  flapping,  lead-lag  and  torsional  notion.  A  modified 
Bernoulli -Euler  (alender  bem)  theory  conatders  the  effects  of 
rotary  inertia  and  shear  deformation.  The  numerical  .solution  Is 
designed  to  handle  an  arbitrary  elastic  restraint  at  the  hub  as 
well  as  a  general  spsnwlse  and  chordvlsc  distribution  of  maos  and 
structural  stiffness.  Instantaneous  airloads  are  calculated, 
ku»vlng  the  blade's  motion,  by  starting  the  rotor  at  rest  and 
calculating  the  position  of  ’.he  free  wake  which  Is  generated  as 
the  steady  operating  condition  U  approached. 

The  analytical  problem  of  the  aercdynwlc  force*  caused  by 
a  partial  span,  oscillating  Jet  flap  on  a  helicopter  rotor  blade 
la.belng  Investigated  a*  a  mean*  of  reduclng!_the  flapping.  An 
asymptotic  «•*•*»*!  on  technique  used  to  solve  the  steady-state 
problem  of  a  full-span  jet  on  a  three-dlmrnsltnal  wing.  Is 
being  applied  to  the  wist***?  problem  of  a  Jet-flapped  wing.  The 
boundary  conditions  for  the  wing  and  jet  hare  been  altered  to 
include  the  instead/  effect*  and  the  expansion*  for  velocity 
potential  arc  being  written  with  the  reciprocal  of  aspect  ratio 
j«  the  saall  parameter. 

A  study  ‘,i  underway  to  design  a  device  capable  of  controlling 
the  Jet  flap  position.  The  device  would  In  some  manner  sense  the 
rotor  blade  displacement  and  accelerations- to  control  the  Jet  flap 
to  a  position  related  to  the  motlon.  Of  particular  Interest  are 
fluidic  control  device*  because  of  their  mechanical  simplicity 
and  available  power  from  the  Jet  flap  pressure  charter.  A 
two-dimensional  model  of  the  device  will  be  built  and  Investigated 
In  a  wind  tunnel. 


(I)  ff^bezred  by  NASA  Langley  wider  contract  NCR -3* -OOP-1 11 
?2)  Sponsored  by  ARO«Durh*m  under  contract  DA-ARO»D-)M2*-?l-MJ 


Introduction 

The  Department  of  Aerospace  Engineering  at  The  Pennsyl-anla 
State  University  has  been  widertaklng  studies*1*  relating  to 
helicopter  noise  for  approximately  thrse  years.  More  recently 
studies  have  begwi*2*  on  unsteady  aerodynamic  problems  specifically 
related  to  very  large  hellcaptera.  This  paper,  in  a  sense.  Is 
a  progress  report  on  all  of  these  studies  and  presents  future 
plans  as  well  as  some  of  the  result*  obtained  to  date. 

The  NASA  supported  studies  have  been  concerned  with  the 
rotor-blade,  vortex-interaction  problem.  Roth  experimental  and 
analytical  studies  are  being  conducted.  Presently,  a  modification 
to  our  subsonic  wind  tunnel  is  being  coexisted  which  will  allow 
more  meaningful  noise  aessurements  to  be  made.  ..  some  sacrifice 
In  velocity,  Che-test  section  has  been  increased  in  site  from 
?'  x  3*  to  4*  x  5'.  In  addition  an  anethole  charter  has  been 
purchased  rtlch  will  surround  the  open-jet  configuration  of  the 
new  teat  section.  Once  back  in  operation,  the. interior  of  the 
tunnel  will  be  «i*Ud  acoustically  In  Incremental  steps  to  study 
the  effects  of  such  treatment  on  =  the  art  tent  noise  and  tc*t=seetf«*n 
flow. 

The  results  which  have  been  obtained  to  date  Include  unsteady 
pressure  measurements  on  a  nlngle-bladed  rotor  which  sweeps  through 
a  vortex  trailing  from  a  wing  mounted  In  the  tunnel  ahead  of  the 
rotor.  Mont  of  these  result*  have  already  been  recorded  In 
references  1  and  2.  Some  analytical  results,  which  haw  not 
received  wide  dlslnlnatlon,  are  to  be  fotsid  In  rtfeience  3.  Here, 
mmwrtcal  calculation#  of  the  unsteady  flow  about  a  two-dimensional 
airfoil  are  presented.  A  free,  point  vortex  placed  In  the  flow 
far  ahead  of  the  alrfoll  Is  carried  past  the  airfoil  generating 
an  instead/  pressure  distribution  on  the  airfoil.  The  predicted 
form  of  the  time -dependent  pressure  distribution  is  shown  to  be 
similar  to  the  experimental  measurement*  obtained  with  the  rotor  in 
the  wind  tuinel.  Related  to  the  vortex-interaction  problem  are  t*:o 
results  of  a  brief  analysis  which  the  author  performed  while  a 
consultant  to  the  U.S.  Army  Aeronautical  Research  Laboratory  at 
NAM  Ames.  A  recent  extenslonef  this  work  ha*  shown  that  a 
simple  cvo-dlmenslraal  approximation  to  the  rotor  blade  slap 
problem  predicts  reasonably  well  the  noise  spectrum  for  such  a 
rotor. 

The  ARO-D  studies  are  concerned  primarily  with  the  dynamics 
of. large  lellcopter  rotors  and  possible  means  of  reducing  excessive 
flapping  associated  with  snehrotors.  Using  a  Lagranglan  approach, 
equations  of  motion  are  being  formulated  for  coupled  flap, 
lead-lag,  and  torsional  motion  of  an  arbitrarily  restrained  elastic 
Llade.  Hopefully  It  Is  planned  to  calculate  the  Instantaneous  air 
loads  for  the  rotor  blade  using  a  free  wake  analysis  beginning 
with  the  rotor  blade  at  rest.  Initially,  however,  the  usual  strip 
method  will  be  used  for  determining  the  air  toads  In  order  lo 
proof  the  numerical  problem  for  calculating  the  rotor  dynamic*. 

The  possibility  of  reducing  the  blade  flapping  by  means  of 
an  oscillating  Jet  flap  Is  being  investigated.  The  position  nf 
this  flap  will  be  controlled  by  sensing  In  some  nanner  the  rotor 
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blade  displacement  and  acceleration.  The  analytics!  formulation 
of  tht  f  rob'  >*  is  presently  underway  mi  m  msympeotie  ejgi  sms  lorn 
technique,  which  hse  been  applied  to  the  Kll^lUtt  pro*  1*0, 
it  being  extended  to  the  witMdjr  Jet-flapped  wing.  Fresently 
«  fluidic  control  system  Is  being  considered  for  control  of  th« 
position  of- the  jst  flep.  It  ts  plsmacd  to  construct  cad  toot  * 
two-dimensional  nodol  of  such  a  dovlco. 

Vortex  Interaction  Studies 

The  experimental  sppsrstus  pictured  In  figure  1  is  described 
In  detail  Jo  reference  1.  This  a ingle-bladed,  counter-balanced 
rotor  blade  os  a  1  foot  radius,  2  inch  chord,  a  0015  airfoil 
section  and  Is  equipped  with  5  miniature  absolute-pressure 
transducers*  Measurements  hsve  been  made  to  dete  of  the  unsteady 
'ihorJ-ulse  pressure  distributions  at  the  .75,  .05,  *9  and  .95 
radius  stations  for  vsrlous  vortex  strength*,  rotor  advance  ratios 
and  rotor  positions  relative  to  the  vortex  center.  Typlcsl  results 
arc  pr««*r.t^-ln  figures  2,  3,  and  4.*  These  aessuraaeats  were 
obtain# -d  by  recording  photographically  the  outputs  item  the 
pressure  transducer  on  an  oscilloscope.  The  photographs  were  then 
trarafirred  to  IM  cards  using  a  trace  reader  and  the  results 
aessured  on  one  side  of  the  blade  matched  with  the  corresponding 
results  from  the  other  side  and  processed  through  a  digital 
computer.  From  measurements  such  as  these  the  following  tentative 
conclusions  hsve  been  drawn. 

1.  The  aaxistcc  lift  coefficient  difference,  iCj,  anJ  their 
time  variations,  as  defined  In  figure  2,  arc  a  aaxlaua  when  tne  rotor 
Intersects  the  center  of  the  vortex. 

2.  Values  of  4C,  at  high  as  1.15  at  0.75R  and  0.75  x  10^/sec 

iC  1 

for  *t  0.9X  were  measured  In  the  preaent  experiments. 
iC. 

3.  iCj  and  ^p  increaae  approximately  linearly  with  vortex 
strength  with  the  Slopes  being  different  for  different  rotor  plane 


2/0*00,  ftm*2OO0<  r*!525  FTz/ftC 
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A.  &C^  sc  each  span  station  Increases  as  the  shaft  axis  is  moved 
sway  frsm  the  vertex  axis  (l.e.  as  the  intersection  angle  decreases). 

5.  At  a  particular  z/g,  iCj  at  the  tnbsard  span  aratlens  are 
higher  than  these  at  the  outbsard  span  stations.  However,  no  definite 

trend  exists  in  the  esse  af  the  time  variatien  ef  wax (mum  lift 

AC. 

difference;  l.e.,  • 


m 


STUDIES  KUTING  TO  STEADY  MO  UNSTEADY  AENOOYMMCS  OF  HEUCOPTEN  NOTONS 


A  tvo-diaeaelonsl  formulation  of  this  problem  vu  performed  1b 
reference  3.  Th*  pr ocedurt  to  illustrated  in  figure  3.  Her*  * 
thin  airfoil -U  4LvU«d  Into  increments  with  a  discrete  vortex 
placed  at  tha  Meuatter-chordM  point  of  each  segaenc  with  tha  boundary 
condition  bain*  satisfied  at  tha  "three  guarter-chord"  point  of  aach 
segment.  Tha  vertex,  at  taro  time,  la  placed  1b  tha  flow  far  aheed 
of  tha  airfoil.  Tha  easuiag  unsteady  problem  ta  than  calculated 
aa  tha  vortex  1*  allowed  to  move  with  tna  flow  paat  tha  airfoil. 

At  aach  succeeding  time  increment  Induced  velocities  are  calculated 
at  the  poaltlon  of  tha  fraa  vorttx  and  aach  control  point  a Ion* 
tha  airfoil.  Tha  atraa*th  of  tha  ^Vtcret*  vortic**  ara  than  found 
which  will  satisfy  tha  boundary  condltloaa. 

Having  determined  the**  the  uaateady  praaaura  distribution 
on  th*  airfoil  la  then  predicted  uaiof  th*  unsteady  Bernoulli 
equation  which  leads  to  tha  following  expression  far  tha  instantaneous 
lift. 


Figure  5 

Simulation  of  Two-Dim* no  tonal  Airfoil  by  Folnt  Vortices 

A  typical  result  from  reference  3  is  presented  In  figure  6.  In 
this  instance  the  experimental  results  have  been  normalized  In 
terms  of  the  maximum  peak  lift  coefficient  to  Illustrate  that 
tha.predlctlon  of  tha  form  of  the  time-visa  variation  of  the 
sectlorel  lift  coefficient  agrees  with  the  c^erlmental  result, 
lh*  magnitude  of  tha  experimental  result#  were  considerably  below 
those  predicted  by  th*  two-dimensional  analysis  but  as  pointed 
out  In  reference  3  this  discrepancy  could  easily  be  attributed 
to  tlp_lo#sea  associated  with  the  three-dimensional  flew  of  the 
rotor.  A  typical  cMfirliwi.  corrected  for  such  losses  (s  presented 
In  figure  7.  For  h/e  values  or  .23  and  .5  the. predicted  £Cj  agrees 
fairly  well  with  tha  measured  results.  However  for  h/c  of  0.1 
the  two-dimensional  predictions  are  high*  probably  due  to  the 
reiMtin  in  the  tangential  velocity  In  the  vortex  core  which  Is 
neglected  In  the  calculation*. 

More  recently  John  on,  aa  rvported  In  reference  *,  he*  developed 
altfetng-surface  theory  which  is  applicable  to  tb,  rotor  bladc- 
vortex  Interaction  prebleb.  Although  not  ehovn  on  figures  2,  3 
mid  i,  hie  results  agree  closely  with  the  a^etlmentel  measurements 
preheated  In  those  figures. 


A  sound  movie  accompany#  this  paper.  This  movie  was  taken  as 
tha  plane  of  rotation  of  the  rotor  wea  gradually  moved  through  the 
vortex  generated  by  the  wlag  ahead  of  the  rotor.  Aa  this  is  don* 
one  can  obaerve  on  an  oacllloacope  the  output  of  a  pressure 
trwsducer  on  th*  blade  as  it  develops  a  sharp  spike.  Simultaneously 
the  nole*  produced  by  the  vortex  interaction  la  distinctly  heard. 
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•y  comparison  with  the  nets*  spectrum  fer  a  retor  without  blade 
slap,  the  melse  levels  fer  the  si apple*  *®tof  exhibits  w*eh  higher 
harmonics  than  the  ordinary  rotor.  If  th*  asawmptlen  la  mad*  that 
the  nais*  produced  by  blade  slap  predominates  the  rotor  noire  end 
la  generated  by  a  discrete  disol*  seurcc  resulting  from  a  tin*- 
varying  esneent rated  force,  F(t),  then  It  Is  possible  Co  relate 
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F(t)  to  the  noise  spectrum.  The  time,  through  th«  rotor  angular 
velocity,  con  b«  related  to  tho  otlauth  angle  gi,  honco  ?(♦)  con 
►r  obtained  from  F(t). 

Tho  noahoaogeneoua  wave  equation  governing  the  rod  lot  Ion  fr« 
o  stationary  dipole  source  U 

V*'P  ~^2~2m  V‘F  U> 

c  it 

?  being  eh*  external  fore*  per  unit  voluae  seeing  on  the  fluid, 
c  is  the  acoustic  velocity  ond  p  the  pressure.  The  solution  to  this 
equation  for  a  concentroted  force  F(t)  con  be  found  In  several 

references  ond  Is  given  by  - 

l  *<«-  P 

•  dlv  1  I 


p(x,y,t,t)  -  “  TT  dlv  l  - 


(2) 


F(t  -  -)  aeons  thet  F(t)  is  to  be  evoluoted  at  the  "retarded  time," 
(t  -  -)  with  $  being  the  distance  from  the  source  to  the  observer. 
To  sUpllfy  the  algebra,  let  us  place  the  origin  of  the  coordinate 
systea  at  the  concentrsted  force  with  the  observer  located  In  the 
x-x  place.  The  distance  S  then  can  be  written  as 


Also,  to  further  slopllfy  natters,  let  the  direction  of  F 
be  along  the  z-oxls.  Equation  f?)  then  br cones 


,(s,t,t>  *  iT  ♦  ■§"  E'Et—  h  I  (*) 

41  SJ  sc  * 

F*  Is  the  derlvstlve  of  7  with  respect  to  tine  sod,  again,  ls. 
cvslusted  st  the  retarded  tine.  For  the  fsr  field,  the  first  teta 
on  the  right  side  of  Equation  (4)  will  bs  small  snd  is  neglected 
leading  to 

pCx.i.O  -—*5-  r'(t  -  f)  (S) 

wt  c 

The  above  equation  suggests  the  Interesting  possibility  of 
integrating  the  output  froa  a  pressure  alcrophone  to  obtain  F(t) 
directly. 

The  curve  labelled  "with  slop**  In  Figure  (8),  taken  froa 
reference  (5),  Is  a  10  cycle  bend  width  noise  spectrun  for.  a 
two-bladed  rotor  operating  st  514  rpa  and  a  tip  Mach  number  of 
0.9  on  the  advancing  blade.  The  rotor  dlaaeter  Is  AS*  and  the 
chord  is  l.72*.  The  fundanent^- blade  passage  frequency  ls  l0.5 
hr. 

Consider  now  tbe  following  closed-fora  solution  tdilch  la 
s  two-disc ns  Ion* I  equivalent  of  the  solution  to  the  rotor. obtained 
in  reference  (8). 

Consider  e  row  of  blades  spsetd  a  distance  D  apart having  s 
uniform  chordwlse  loading  as  pictured  In  figure  9,  The  lssdiag 
on  each  blade  Is  zero  except  as  s  blade  passes  through  s  pulse  F(x). 
Then  the  total  chordwlse  load  Is  F(s).  The  proble*  Is  to  cslculate 


f\ 


All  .  -VVy 


the  noise  level  st  a  point  x^,  as  a  function  of  the  cho.'d, 
spacing. D;  velocity,  V;  end  F(x). 

Assuming  a  concentrsted  force  F(t)  at  x  which  radiates, only 
when  covered  by  the  blade,  F(t)  will  appear  aa  shown  In  figure  (10). 
F(t)  I)  periodic  with  a  period  of  D/V.  Let 


D.2.A.J.5 

Then  F(t)  can  be  expressed  as 


F(t)  -  F  ♦  t  F  e11 
o  j  n 


w 


If  v.  itMtnrily  let  0  -  0  In  the  tenter  of  the  pulse,  then 

and  *a 

(« 


Hence  F(t)  becomes 

r«t>  -  1  list*  I  tin 
n-1 

Mow  0  was  chosen  to  be  tero  for  a  tlac  t  •  (x  ♦  a/2)/V.  Hence, 

e  .1*.  r  t  -  2ii* 

T  1  ‘  2V 
F(t)  then  becones 


(10) 


«*»  *  '  ^  4  j,  !£■  (2lg2)  -  las  .  a=4,i  a, 
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x+D  **D*a 
V  V 


rtqun  10 


In  order  to  calculate  the  acouatlc  pressure  p(x,x,t),  (rn 


aquation  (5),  the  above  la  differentiated  with  retpect  to  time. 


Hence  for  the  far  field* 


-SV  t  .in  2Jir(„  1110,4, 


Nov  let  ua  expand  F(x)  aa  follows 


F(»)  •  A  ♦  t  A.  CO.  ^ 

•-  k-1  ^  x 


Substituting  the  above  into  the  expression  for  p»  the  n  harmonic 


of  the  mean  pressure  over  one  cycle  becomes* 

i-  -  — — 7-  —  “s1  ‘I11  “ir  I  r  -m - !  I 
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0  f  k-1  (gv-k1 


To  examine  the  behavior  of  the  above  consider  the  case  where  A^  •  0, 
!.«.»  F(x)  Is  a  pulse.  In  this  case 


The  above  shows  that  pn  decreases  as  ^  and  further*  If  jj* 


or  should  be  close  to  an  Integer,  pn  for  these  pertlculsr  n 


values  will  be  low. 


The  predicted  nclsc  spectrum.  In  db*  will  be  given  by  20  log  p 


db=«  C  ♦  20  log  -  ♦  20  log  sin  ♦  20  log  sin  ^ 


In  the  above  C  Is  s  constant  cf  proportionality  corresponding  to 


the  constant  terms  ln  the  squetc  brackets  of  equation  (1)). 


Referring  to  figure  8  It  appear*  likely  that,  for  the  slapping 


caac*  the  sharp  decrease  in  the  levels  at  about  80  and  ISO  hx 


result- from  the  width  of  the  region  of  ispulslwt  loading.  A 


d/1  of  8.2  appears  to  fit  the  shape  of- the  epectrw  best  corres¬ 


ponding  to  a  $  of  27°.  D/a  for  tMs^rotor  is  spproxitately  80* 


hencr  this  term  would  not  be  expected  to  have  much  affect  except 


near  a  frequency  of  approximately  800  hx. 


figure  (11)  presents  again  (he  spectra  with  blade  slap 


of  figurc(R),  together  with  equation: (18)  with  and  without 


the  stn  terms.  The  st^lc  two-dl  sens  I  one  1  approrlnatlcn  to  the 


slapping  rotor  appears  to  charactcrlte  the  spectrum  surprisingly 


well.  The  decrease  of  the  maximum  envelope  above  in  hx.  Is 


predicted  fairly  closely  as  welt  as  the  shapes  of  the  valleys 


ilatlon  of  the  Structural  Dm  arnica  of  Elastic  Rotor  Hades 


Presently  rather  collate  squstloms  dsflslsg  the  response  of 


fully  articulated  elastic  rotors  to  arbitrary  aerodynamic  forces  are 


being  formulated,  three  dag nee  of. freedom  are  being  considered; 


flapping,  lead-lag*  *»d  torsional.  Gtatrally  these  three  motions  arc 


coupled*  not  only  because  of  the  structural  properties  of  the  blade* 


but  also  because  of  the  nature  of  the  aerodynamic  forcing  functions. 


The  three  unknown  displacements  which  are  functions  of  time  and 


apanwlse  position  will  be  obtained  from  three  simultaneous  equations 


derived  using  e  La gr sag tan  approach.  For  a  non-conservative  system 


the  UgranglM  form  of  the  equations  of  motion  are  well  known  and  can 


be  written  as 


— -  —  to  *oj 


—  Wf*M»VFi8/ 


Irn^ 
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■  W  \ 
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(1  *  1.  2.  3)  (17) 


where  t,  the  Lsgranglant  Is  the  difference  between  the  total 


kUetic  energy,  T*  of  the  blade  and  Its  potential  energy,  V. 


Qj  Is  a  non-conservative  force  and  s  gene  rail  red  coordinate. 
The  contribution  to  the  total  kinetic  energy  of  the  blade  results 


from  its  linear  andangular  motions  due  to  flapping,  its  |<i-p|a-e 


linear  and  angular  motion*  and  the  torsional  deflections  of  the 


blade,  about  Its  clastic  axis.  In  writing  the  kinetic  energy 


terns  due  to  angular  displacements  of  a  modified  iemoulll-FuIer 


beam  theory  Is  being  used  where  both  the  angle,  of  rotation  of-the 
beam  cross  section  and  the  angle  nt  shear  deformation  are  considered. 


Hence  the  following  two  relationships  are  obtalred  by  considering 


the  flapping  and-lead-lag  cottons: 


(u(x,t))  •  «x,t)  ♦  t(*,t)  •  8 


(h(x,t)}  •  h(x,t)  ♦  »{x,t)  ■  t 


w  -  linear  displacement  of  section  In  flapping  from  reference  (Fig.  13) 


a  •  linear  displacement  of  section  In  lead-lag  from  reference  (Fig.  13) 


8  •  flapsing  angle  of  elastic  blade 


C  •  lead-lag  angle  of  elastic  blade 


5  •  ero*«-fectlon  a*»1e*of»rotatlen  In  flapping 
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n  ■  cross  auction  anglt-of-rota:lon  la  lead-lag 
Y  *  «n|U  of  shear  4*fomct«B  ln  flepp In* 
t  •  angle  of  shear  deformation  la  lcsd-*ag 
The  total  potential  energy  of  the  blade  It  the  sun  of  that  due  to 
gravity  end  the  attain  energy  due  to  blade  deflection*.  Tht# 
latter  energy  met  include  the  etreina  due  to  flapping,  lead-lag, 
end  torsional  deflections  a*  well  aa  the  atraio  due  to  stresses 
resulting  from  centrifugal  forces.  The  gravity  potential  energy 
la  written  relative  to  the  Initial  vertical  displacement  of  the 
blade  In  Its  drooped  position.  With  the  Ugranglan  being 
calculated  as  Just  described,  the  next  step  In  deriving  the  three 
dynanlcal  equations  for  a  blade  la  to  examine  the  dynamic 
equilibrium  of  a  differential  elescnt  of  a  blade.  S'.ch  an  element 
with  the  forces  acting  on  It  la  shown  In  Figure  l).  Here  for 
slcpllelty  only,  flapping  motion  la  considered.  S'otlce  that  tl.o 
rotary  Inertia  term,  dx,  la  considered  In -the  equilibrium  of 
the  eleaent  and  la  an  additional  modification  to  the  classical 
Eernoulll-Eulcr  bean  theocy.  If  we  take  aa  a  generalised 
coordinate,  v,  the  displacement  of  the  blade  from  a  reference 
position  of  f.  pseudo-rigid  rotor  we  then  obtain. 


dt 


(19) 


where  Ftf 
element. 


it  the  sum  of  the  non-ccnservatlve  forces  acting  on  the 
Swxalng  moaent*  about  the  center  of  meat  results  In 

r  r?  *  *»-  -  %  *  S.  *  Fc  <*.  ‘  3>  ‘,0> 


where  Cj  f*  the  blade  sa*s  per  unit  length  and  la  the  moment 
of  inertia  about  the  z  axi*.  These  equations,  (19)  and  (20),  are 
relateJ  by  the  following  equatlors 


4X 


(21) 


After  considering  algebraic  reduction  the  preceding  equations 
reduce  to  the  follovlng.equatlon  governing  the  flapping  motion 
of  the  blade. 


h  *=i*.  * f)l  * 1  -  >fr  *  s' 

Similarly  for  the  lead-lag  motion, 

h  i*llT  fi  C*J  fp)  ]  m  *  ^  -  j^  1 


(22) 
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(2)) 
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and  for  torelonsl  notion, 

>* 


(2*) 


These  then  arm  tht  simultaneous  equal  lama  which  arm  to  bs  solved 
for  the  two  linear  displacements,  w  and  h,  and  the  angular 
displacement,  dc-  The  croea  section  of  a  typical  blade  la  shown 
la  Figure  14.  Centrally  the  three  motions  of  tha  blade  will 
be  coupled  since  the  center  of  gravity  of  each  section,  Its  clastic 
sms,  and  the  center  of  pressure  an  not  coincident.  If  the 


elastic  ails  I*  displaced  upward  an  amotmt  w  and  the  section  Is 
twisted  through  an  angleof  than  the  displacement  of  the  CG 
from  Figure  14  will  be 
U  -:v  -  t5( 

This  coupllng  between  the  linear  end  angular  displacement  must  be 
considered  when  writing  the  kinetic  crergy  for  the  linear  flapping 
motion.  For  example, 

t.l*  I  f*v.J  <« 

e 


where: 

fj  •  |  Cr  -  e)  ♦  u| 


*  fr 


•>  v!r 


>t 


Fartwetely  ft  has  been  shewn  ty  others  that  for  m  slender  bean,  the 
three  dynemi ezequattm*  (22),  (2)),  and  (2*1  can  be  lavouplrd 
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before  solving  for  v,  h,  and  8t>  la  ordar  Co  obtain  tha  klnatlc 
soar gits  Msoclatsd  with  tha  blade  not! cw  tha  blada  will  ha 
dlvldad  Into  lumped  masses  and  than  a  normal  mods  approach  aatuasd 


w(x,t)  •  Z  ♦.(»)  q.U) 
l-l  1  1 


h(x,t>  -  Z  ♦,(*)  q.<t) 


a  «T(a,t)  •  Z  d.(x)  q.U) 

°  T  li«*l  1  1 


wharc  *o  la  an  arbitrary  lsagth  defined  ao  aa  to  maintain  coaatatant 
dimensions  lor  tha  terms.  p.(g)  U  the  tpanwlte  dependent 
function  and  q^(t)  la  the  daw  defendant  generalised  coordinate. 

These  functions  which  mat  satisfy  the' boundary  conditions  for 
the  three  type*  of  displacements  can  be  obtained  fro*  the  uncoupled 
natural  nodes  of  the  bean.  Thus  the  equations  are  reduced  to  an 
Eigenvalue  problem  which  can  be  solved  by  the  usual  matrix  nsthod 
to  obtain  the  natural  frequencies  and  Eigenvectors  for  the  generalized 
coordinates  a^(t).  In  order  to  calculate  the  blade  notion  fron  these 
equations  tha  blade  will  be  started  initially  fron  mat  at  the 
static  droop  position.  The  Instantaneous  aerodynamic  forces  and 
moments  acting  on  each  blade  section  will  be  determined  fron  a 
consideration  of  the  local  instantaneous  velocities  acting  at  the 
blade  section.  Ultimately  it  Is  hoped  that  this  prog ran  can  be 
c cabined  with  a  free  wake  analyses  of  the  rotor  blsde.  It  is 
res! I red  however  that  such  a  program  will  be  very  tine  consuming 
and  It  nay  therefore  take  a  considerable  effort  to  evolve  one  which 
Is  econoaically  feasible.  In  the  lnterla  some  sort  of  a  strip 
mrthod,  probably  using  a  uniform  downwaah  assumption,  will  be 
utilized  to  calculate  the  aerodynamic^ loads.  In  any  event  ft  Is 
planned  to  account  for  reverse  flow  effect-*,  blade  dynamic  stall 
and  Mach  mnber. 


Studies  of  a  Jet  -IS*.  for  kotor  Control 
In  order  to  reduce  the  excessive: flapping  and  coning  associated 
with  large  helicopter  rotors  both  analytlcsl  and  e^crinmtal 
studies  are  underway  to  Investigate  the  practicability  of  applying 
a  controllable  Jet  flap  to  such  a  rotor.  It  Is  not  planned,  *r 
least  at  this  tine,  to  actually  drive  the  rotor  with  Che  Jet  flap 


vide  only  enough  Jet  blowing  for  the  required 


control  forces.  The  position  of  such  a  Jet  flap  would  be  controlled 
automatically  by  sensing  both  the  blade  acceleration  and  lea  local 
angle-cf-attsck.  These  signals  wsuld  be  fed  back  to  tie  Jet  flap 
In  order  to  prqyfj*  aerodynamic  forces  tdrlch  would  oppose  the  motion 


A*,  the  present  time,  because  of  ,t*  potential  step  l Icily, 
the  possibility  of  using  a  fluidic  centre!  system  Is  being  InvectI- 
gated.  Tha  same  pressure  sources  which  supply  the  flow  for  Che  Jet 
flap  could  be  used  to  power  Che  fluidic  device.  One  such  possible 
schesn  Is  pictured  In  Figure  15.  Here  the  Jet  flap  Is  basically  a 
digital  or  bistable  fluid  amplifier.  When  a  centre I  flew,  <|{, 


la  applied  through  tha  lower  control  port  the  jet  flap  wilt  saparate 
from  tha  bottom  surfscs  salting  through  the  top  channel  thus  producing 
an  inward  deflection  of  tha  Jst.  A  similar  Jet  flap  daalgn  considered 
by  Eastman  (Bafsranea  12>  was  shown  to  require  a  control  flow  equal 
to  approstmstsly  111  of  tha  prlsary  flow  at  tha  Jet  flap.  The 
stagnation  pressure  required  in  tha  control  flow  la  also  approximately 
tha  sane  fraction  of  the  stagnation  pressure  In  tha  naan  Jet;  thus, 
there  should  be  no  difficulty  In  obtaining  the  required  control 
power  fron  the  main  plenum  chafer. 

There  are  two  possible  ways  that  a  signal  reluted  to  an  angle- 
of-attack  of  a  blada  section  can  be  obtained.  First  consideration  la 
being  given  to  measuring  tha  difference  In  pressures  between 


corresponding  points  on  the  upper  and  lower  surfaces  of  fLe-al.foll. 
Secondly,  since  the  acceleration  will  be  needed  anyway,  'rf  night 
Integrate  this. signal  in  <*rder  to  obtain  an  output  proportional  to 
the  vertical  velocity  of  the  blade,  (toe  difficulty  here,  however, 
might  be  the  fact  that  this  velocity^!*  only  one  factor  which 
determines  the  anglr-of-attack.  The  acceleration  stnanr  ls  envisioned 
aa  a  Jet  of  air  which  deflects  wider  acceleration.  The  deflected 
Jet  thas  enters  one  of  two  receivers  and  is  then  aapltfled  to  control 
the  Jet  flap.  The  flnalcontrol  scheme  which  Is  devised  will  be 
tested  In  our  4  x  >  foot  wind  twinerfaC  a  velocity  of  approximately 
100  ft/sec.  using  a  two-dimensional,  Jat-flappcd  airfoil  model. 

From  some  preliminary  cons I da rat  Ions  on  the  size  of  large  helicopters 
it  appears  as  if  a  range  of  reduced  frequencies  of  from  tc/V  •  .on 
up  to  approximately  .5  should  be  Investigated.  Cy  vs lues  as  high 
as  .6  should  probably  be  studied  corresponding _to  conditions  on  a 
retreating  blase. 

In  addition  to  the  caperlamntat. studies  an  analytical 
lnvestlgatlonto  predict  the  performance  of  an  osctllatlng-J-dlswnslonal 
Jet  flap  la  being  undertaken.  Using  s  matched  asyxptotlc  expansion 
approach,  the'worfc  of  Tokuds  (hrference  14)  forth*  steady  three- 
dimensional  jet  flapped  wing  Is  being  extended  to  the  upsceedy  esse. 
Figure  lb  illustrates  the  geometry  of  the  problem. 

The  Inner  region  la  ctose  to  the  wing,  I.q.-X  •  (!{ j)  autalnt 


a  large  aspect  ratio  wlngvherema  the  outer  region  Implies  X  -  C(l) 
away  from  the  wing.  The  approach  In  this  case  =  ls  to  expand  the 
matesdy  velocity  potential  and  devtvash  In  th*=rcglona  using  the 
reciprocal  of  aspect  ratio  «a  the  smnll  parameter.  The  so  called 
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STU01ES  KUT1K  TO  STUOT  MB  UBTUM  MIMMO  V  NEUCOTTU  WTQU 


»1  '  »,  *  j{»> 


3  ID*.  view 
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Inner  and  outer  «*p«nsl<v.s  are  matched  In  the  Intermediate  region 
•long  the  X  ail*.  Since  the  flow  Is  4b  Bused  tncoag  reset  Me,  Laplace's 


equation  gtverns  the  problen. 


The  dewnvash  boundary  conditions. ere  given  es: 


on  the.wlng  u>w(a,y,0,t)  *0  -  <  x:< 


*t  the  trstllng  edge  ut(a,y,0,t)  •  U_T0eWt  X  •  C  (27) 
aseualng  snail  tQ 

i) 

on  the:Jet_«j(*,7»0,t)-»-^“  ♦  •  -3*  (27a) 


tot 

-  h0(*,7)U*I,'t  +  vm  (27b) 


The  third  boundary  condition  Is  arrived  at  fron  the  Miagtlm 
of  snail  transverse  moment  ua  in  the  Jet  ehset- (momentum  In  the  7 
direction).  The  contention  Is  that  the  edge  of  the  Jet  does  not 
begin  to  roll  up  until  It  Is  far  enough  dome  trees  that  It  nee  • 
snail  effect  won  the  Induced  domwash  In  the  near  neks.  Haskell 
and  Spent*- (*«f.  D)  give  the  pressure  difference  ecroee  the  three 
dtaenslonalrjet  sheet  ae. 


ks  •  curve turn  tn  itniwtoe  direction 
J(y)  •  — i  *tm  flm  per  unit  a  pm 

The  7  co-ordinate  enters  only  an  a  parameter.  The  singularity  due 
to  flews  dlecent faulty  at  tha  trailing  edge  has  a  snail  affect. 
Alee,  far  fron  the  wing  and  Jat  tha  flow  mat  be  mifora. 

♦  .Owl*U#aZ 


To  an  observer  .1  the  outer  region  the  Urge  aspect  ratio 
wing  appears  an  a  lifting  Una  with  a  trailing. jet  cheat.  The 
boundary  condition  on  the  Jet  sheet  is  satisfied  directly  whereas 
that  on  the  wing  met  be  eotlefled  through  notching  with  the 
Inner  eolutlor..  The  outer  e  wars  ion  la  wKtten  as 


t°(s,y,t,t.  1/A)  *  *|  +'£*2  +  a  2  *3  +  ' 
w°(n,y,«,t,  1/A)  •  o®  f  inj  ♦  jjUj* 


At  a  fined  field  point  in  the  outer  region  there  le  no  disturbance 
from  the  wing  in  the  limit  of  eery  Urge  aspect  ratio  so, 

♦®  -  Vm  X  *  U_  o  • 


In  the  inner  region  the  velocity  potential  and  the  a  and  z 

«us  are  stretched  ae  follows, 

X  •  AX,  Z  -  AZ, 

A#  -  ♦(a.y.r.t,  J/A) 

,  Ol) 

»  f(ljlt,t,  i/A)  •  ♦1  ♦  -  *2  ♦ 

w(s.y,x,t,  1/A)  -  ♦  -  u2  ♦ 

Laplace's  equation  becomes 

*7  V*°  m 

To  obtain  the  first  ordsr  lamer  solution,  fin  a  field  point 
a,  y,  a  mid  lot  A  ♦  from  equation  (32)  the  velocity 
potontlal  U  seen  to  satisfy  the  two-dimensional  problsm. 
Spence  (Reference  lb)  has  solved  this  problem  end  gives  the 
jet  hel#it  above  the  mean  line  as  a  function  of  a.  In  this 
cane  the  Inner  variable, 

hjOO  -  u  f  «0  <«/e/i)‘,/I  Mil  .,*t  (11) 


*  vel2 


'  *  *  *j  ‘ »  n^7 


1  «  1  realistic  insertion  made  for  convent  one* 


M«)=»  I*  ♦  j  l~)  l»:i  ♦  #(«J)  ) 


STOICS  RELATING  TO  STEAOT  AM  UNSTEADY  AERODYNAMICS  Of  HELICORTER  ROTORS 


U*ing  the  following  aquation, 

-.0. 

(ha  first  order  Inner  dov-nwaeh  ocs  the  x  axla  If  found  u, 

V»j'j  (;7r>‘1/,if  +  j <r>  i  I«lwe 

■  z  (rh)'V2  u,o  i*  ♦  i  <r,ln  *  ♦  «<*J) i  *Ut 

» ♦  r  »» *  *  i « os) 

Equation#  07)  and  OS)  sotiofy  tha  boundary  condltlona  at  tha 
trailing  adga.  Ihla  ftrat  ordar  lunar  dowwaah  Kill  Influanca 
tha  second  ordar  outer  downvsah,  Wj,  through  tha  natch  lot  process. 
Thla  la  presently  bain,  pursued.  Only  tha  first  thraa  orders 
should  he  necessary  for  accursta  results  fron  which  tha  isrstaady 
lift  and  drag  can  ha  datemined.  Effects  of  thickness  and  caster 
can  also  he  Included  by  appropriately  altering  tha  boundary 
conditions. 

Thla  work  win  ha  extended  to  Include  a  partial  span  Jet 
flap  and  further  a  transverse  (y  direction)  shaar  flow  will  be 
Introduced  t.  better  represent  the  Snvlronaent  of  the  helicopter 
rotor. 
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irtroductior 

The  helicopter  generates  noise  of  both  mechanical  and  aerodynamic  origin. 
Mechanical  nolee.  such  as  that  due  to  the  gearboxes.  bearings,  hydraulic  systems, 
etc,*  Is  to  most  cases  Important  only  at  locations  near  the  helicopter.  Of  the 
aerodynamic  sources,  such  as  the  sain  and  tail  rotors  and  the  ermine  compressors. 

•sin  rotor  generated  Impulsive  noise  (when  it  occurs)  can  be  by  far  the  moat  pre¬ 
dominant  noise,  exceeding  even  piston  engine  exhaust  noise  (as  has  been  shown 
recently  by  Cox  and  Lynn,  Reference  l).  While  the  other  serodynsmlc  sources  of 
helicopter  noise  (.rotor  rotational  noise,  rotor  vortex  noise,  turbine  engine 
compressor  noise,  etc.)  have  been  studied  In  quite  some  detail  dutlng  the  past  few 
years,  rotor  Impulsive  noise  (MR)  has  been  generally  referred  to  as  a  unique  and 
separate  phenomenon  and  has  been  largely  Ignored  until  very  recently.  The  present 
paper  gives  results  of  a  study  of  MR.  sponsored  by  the  U.  S.  Army  AMtDL,  that 
sought  to  Identify  the  mechanisms  causing  MR.  to  determine  if  MR  Is  primarily 
rotational  or  broadband,  and  to  cheek  the  ability  of  an  existing  acoustic  analysis 
to  calculate  characteristics  of  MR.  Reference  (2)  contains  more  detailed  descrip¬ 
tions  of  the  experimental  progr*u  the  acoustic  analysis,  and  the  correlation  study* 

2folse  and  rotor  airloads  were  measured  simultaneously  for  flight  conditions 
of  hover,  120  kt.,  lfcO  ki,  and  170  kt.  The  flight  test  vehicle  was  a  CX-53A 
helicopter  configured  for  a  neutral  center  of  gravi.y  and  nominal  gross  weight 
of  35.000  pounds*  One  main  rotor  blade  rarrled  flush-mounted  pressure  transducers 
at  5  chordwlse  stations  for-each  of  5  spsnwise  stations.  Figure  1  shows  the  con¬ 
figuration  of  the  airersft  and  of  the  Instnasented  rotor  blsde.  The  frequency 
response  of  *Se  sir borne. measurement  systma  permitted  30  harmonics  of  slrload  to 
be  extracted  from  the  data  with  an  accuracy  of  t2%  of  full  scale  oft  vibratory 
measurments  and  tyi  of  full  seale  on  steady  measurements. 

Curing  the  flight  test.  RIR  was  observed  only  during  hover  and  170  knot 
flight.  Principal  conclusions  are  1)  that  RIR  is  a  form  of  rotational  noise. 

2)  thst  hover  RIR  Is  essentially  an  aerodjmsmle  process  Involving  the  Interaction 
of  theimaln  rotor  with  its  own  end /or  tall  rotor  vertices.  3)  that  high-speed  RIR 
Is  esused  by  the  combination  of  a  moving  source  acoustic  .'roc ess  and  an  aerodynamic 
process  associated  with  blade  drag,  and  A)  that  an  existing  acoustic  analysis  pre¬ 
dicts  qualitative  differences  between  flight  conditions  with  and  without  RIR,  tut 
that  quantitative  correlation  of  RIR  Is  deficient  due  to  (1)  the  lack  of  profile 
drag  and  movlrg  source  ten*  in  the  analysis  and  (?)  the  current  Instil  tty  to 
prediet  the  higher  harmonics  of  airload  necessary  to  predict  the  higher  acoustic 
harmonics. 

CWERAL  DISCUSS  I  OR 

Several  Investigators  (References  1,  3.  and  A)  have  postulated  that  the 
observed  character  of  Impulsive  noise  frcrn  rotors  Is  due  to  severe  amplitude 
modulation  of  broadband  noise.  While  this  phenomenon  can  be  observed  during  RIR 
conditions,  It  is  highly  unlikely  that  it  is  the  sole  cause  of  the  impulsive 
acoustic  vsve forms  which  are  perceived  by  an  observer  as  impulsive  noise*  RIR 
occur*  at- the  rotor  blade  passage  frequency  and  is  primarily  s  harmonic  phenomenon 
whose  origin  appears  to  be  ordered  rotational  noise  rather  than  random  broadband 
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noise.  A  Fourier  analysis  of  periodic  Impulsive  £*>ise  produces  a  frequency 
spectrum  with  very  high  harmoalc  contest  and  relatively  little  amplitude  decay 
with  frequency.  This  has  recently  bees  demonstrated  analytically  by  Lows  on  and 
Ollertend  (Reference  5)  and  Lever too  (Reference  6),  and  experimentally  by  King  and 
Schlagel  (Reference  7).  King  amd  Scblegcl  found  that  during  nonimpulslve  noise 
conditions,  blade  airloading  harmonics  decay  with  harmonic  order,  1,  approximately 
as  1/1**^  to  1/A*‘*  while  during  impulsive  noise  conditions  the  airloads  decay 
about  as  1/1°*^.  The  increased  high  frequency  airloading  harmonic  levels  for  the 
impulsive  noise  case  result  in  increased  high  frequency  sound  harmonic  levels, 
yielding  the  observed  "slap**.  Furthermore,  the  phasing  of  the  sound  harmonics  is 
important  la  detemlnl*  the  impulsive  nature  or  the  observed  sound;  for  example, 
a  harmoalc  a  pec  trim  with  harmoslcs  phase  shifted  by  90  degrees  with  respect  to  the 
fund sa ratal  may  be  more  Impulsive  than  one  with  mil  harmonics  in  phase.  In  a  recent 
paper,  Sadler  and  Loewy  (Reference  0)  indicate  that  the  high  frequency  content  of 
RIR  any  be  primarily  associated  with  vortex  (broadband)  noire.  Ibis.  too.  appears 
to  be  highly  unlikely  since  vortex  noise  is  random  in  amplitude,  frequency,  find 
phase.  Consequently,  it  does  not  contain  the  necessary  harmonic  content  and  phase 
coherence  necessary  to  define  an  impulsive  sound. 

The  effect  on  acoustic  waveform  of  harmonic  amplitude  and  phase  is  shown 
la  Figure#  (2)  and  (3).  Figure  (2)  compares  waveforms  for  noise  harmonic  falloff * 
of  3  d %!  octave  and  10  dR /octave,  from  which  we  conclude  that  RIR  requires  a 
rotational  noise  spectrum  that  It  rich  in  harmonics.  Figure  (3)  shows  the  radical 
change  In  waveform  that  is  caused  by  sbirting  the  phase  of  all  harmonics  90  degrees 
from  those  of  Figure  (2). 

HOVER  RIR 

The  statement  that  Impulsive  noise  during  hover  Involves  strong  blade/vake 
interactions  is  supported  by  the  flight  data.  Comparison  of  airload  amplitude-/*- 
frequency  spectra  shows  that  many  more  harmonics  are  present  for  the  MR  case  than 
for  the  MR-free  esse.  This  increase  in  high  frequency-loading  raises  the. higher 
harmonics  of  nolst,  thereby  satisfying  one  requirement  for  RIR.  The  location  of 
the  main  rotcr  blades  at  the  instant  of  impulse  generation  corresponds  to  the 
azimuthal  region  of  maximum  airload: fluctuation  durlrg  hover.  Tbit  was  deter*  l red 
by  relating  acoustic  Impulses  recorded  at  3  locations  Inside  the  helicopter  to  the 
locations  of  the  rotor  blades  at  the  instant  that  the  noise  vat  generated. 

Interact lorn  of  rotor  blades  with  aerodynamic  wakes  cause  the  rapid  airload 
fluctuations  that  produce  RIR  during  hover.  Clark  and  Lelper  (Reference  9)  demon¬ 
strated  analytically  that  a  vortex. frequently  will  rise  above  the  rotor  disc  plane 
before  starting  down  during  ideal  hover  of  a  6-bladed  main  rotor,  but  thlr  behavior 
does  not  guarantee  blade/vortex  Intersections.  Intersections  frequently  occur  In 
a  real  hover  because  the  wake  respon&s  to  reflections  from  the  ground  plane  and 
small  wind  disturbances  which  Induce  blade  flapping  and  further  charges  In. the 
wake  structure.  Figure  (A)  shows  how  blade/mske  Intersections  affect  the  sximuthal 
variation  of  airloads  during  hover*  In  this  case,  the  Impinging  vortices  came 
from  the  tall  rotor  during  hover  OGE  with  the  tall  rotor  upwind  of  the  main  rotor 
in  a  10  knot  ambient  wind.  Intersections  of  main  rotor  blades  with  main  rotor  tip 
vortices  were  not  Indicated  frem  the  data  of  this  particular  flight  test. 

HICK-STEED  RIR 

The  Impulsive  noise  obaer/ed  during  170-knot  flight  appears  to  be  primarily 
an  acoustic  event,  rather  than  an  a^rodynsmle  event  as  was  the  esse  during  hover. 

The  airload  amplitude  -  frequency  spectra  for  cruise  with  and  without  RIR  nhoved 
no  strong  differences,  and  acoustic  Impulses  were  not  detected  inside  the  helicopter. 

Preceding  gag*  Hank 
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Stationary  observers  os  tb*  ground  heard  RII  only  nt  large  distance*  1b  front  of 
th*  helicopter.  Tb**#  observation*  l*nd  to  th*  conclusion  that  not loo  of  tb* 
not**  source  t owr4  an  observer  la  a  major  source  of  hlgh-spaed  ^H. 

Thts  fora  of  UK  mm  originally  thought  to  be  due  to  the  foraa t loo  of  mi 
local  shock  w«  on  th*  advancing  binds.  Aa  mentioned  by  Ollrrhaad  and  Lovaoo 
(Reference  10)  and  llacuaacd  by  Leverton  (Reference  4),  an  observer  caa  hear  suck  a 
shock  vav*  only  if  th*  blade  sp**d  la  supersonic.  If  the  blade  speed  la  sWbsooic, 
the  shock  wave  can  not  propagate  to  aa  observer's  ear.  However,  the  formtlce  of 
local  shocks  can  affect  rotor  oolae  levels  by  influencing  th*  local  alrloadlag 
acting  on  th*  blade.  Highspeed  RII  as  discussed  la  Reference  10  Is  basically  aa 
acoustic  effect  resulting  fioa  the  coalescence  of  th*  hansoolc  vave  fronts  at  high 
source  translatlvnal  speeds  and  can  be  explained  by  th*  Lowsom/Ollerbead  theory. 

The  predicted  Increase  In  levels  of  higher-order  noise  harmonics  with  increasing  tip 
speed  is  Independent  of  the  loading  spectrua  and  satisfies  one  of  th*  requirements 
for  RII.  The  highly  directional  characteristic  of  high-speed  R!>  noted  by  observers 
on  the  ground  track  is  an  acoustic  effect  vhleh  results  from  the  formed  speed 
correction  vhere  the  distance  tern,  r,  Is  modified  to  reflect  the  rotor's  Mach 
r.vmber  toward  an  observer  ly  substituting  r(l-*r)  In  the  argument  of  the  Bessel 
functions,  thus  Influencing  the  directivity  characteristics.  This  effect  can  be 
t*«n:ln  figure  5,  taken  fro*  Reference  5»  As  fore.  •  speed  increases,  the  radiated 
sound  bee  ones  highly  directional  In  the  forward  direction,  particularly  for  the 
higher  harsor.ics.  This  scans  that  the  RII  experienced  by  a  helicopter  at  high  speeds 
will  be  radiated  per ferenti ally  forward  with  the  maxtnw  at  about  15-20  degrees 
below  the  plane  of  the  rotor.  This  -ffect  was  shewn  experlaentally  by  Cox  (Reference 
11)  In  full-scale  wind  tunnel  tests.  Thus,  the  acoustic  effect  or  a  high  tip 
Mach  ranter  Is  at  lei?t  partially  responsible  for  the  generation  of  the  Impulsive 
noise  and  the  aircraft  forward  speed  accounts  for  the  highly  directional  character 
of  this  type  of  RXS. 

The  aerodynamic  forces  used  In  current  acoustic  theory  to  predict  rotational 
noise  are  the  in-plane  (Induced  drag)  and  out-of-plane  (thrust)  cenponents  of  the 
blade  section  lift.  The  profile  drag  is  Ignored,  since  It  Is  generally  small  com¬ 
pared  to  the  other  teres.  When  advancing  tip  speeds  exceed  a  critical  Mach  number, 
however,  the  drag  Increases  rapidly  due  to  drag  divergence.  This  increased  drag 
nay  be  a  significant  contributor  to  U-.e  radiated  not**.  In  a  recent  paper,  Arndt 
and  Bergman  (Reference  12)  examined  the  effect  of  drag  divergence  on  the  radiated 
noise.  The  effect  of  this  drag  term  is  to  Increase  the  levels  of  the  higher  hnr- 
monicr  of  noise,  a  necessary  condition  for  impulsive  noise.  While  Arndt  and  Borgmn 
indicate  that  the  addition  of  this  term  to  the  Lowsor./Ollerhead  noise  equation 
enhances  correlation,  they  unfortunately  do  not  show  to  what  degree.  For  mall 
angles  of  attack  (such  as  near  the  tip),  the  lift  term  may  be  quite  small  and  the 
drag  terms  will  doainate  the  noise  radiation.  Xn  this  case,  the  directivity  will 
be  that  of  a  dipole  with  Its  maximum  radiation  in  the  plane  of  rotation,  thus  further 
cwr.tr ibutln*  to  the  observed  directivity  of  high-speed  RIH.  An  additional  factor 
which  may  contribute  to  the  observed  directivity  and  character  of  RIH  It  thickness 
noise.  While  it  is  not  significant  for  highly  loaded. rotors  at  low  forward  speeds, 
thickness  noise  can  become  significant  at  high  forward  speeds.  Arndt  and  Borman 
accounted  for  thiekness  noise  by  applying  a  forward  speed  correction  to  the  theory 
developed  by  Diprose  (Reference  13)  for  a  static  propeller.  Bo  attmspt  was  made 
to  correct  for  the  nonuei form  velocity  field  over  the  rotor  disk,  but  the  results 
show  that  the  levels  of  the  higher  harme^lcs  of  rotational  noise  increase  rapidly 
n*_tip  speed  lacreases.  This  cffeit,  coupled  with  the  In- plane  directivity  pattern 
of  thickness  noise  will  tend  to  enhance  the  severity  of  the  ©b#*'ved  Rtf. 


CORffLATtOI  AID  AIALYSXS 

Measured  aad  calculated  rotor  noise  data  were  compared  to  determine  how  well 
aa  misting  acoustic  analysis  could  predict  waveform  and  rotational  noise  harmonic 
levels  for  flight  conditions  with  and  without  RII.  Waveforms  correlated  well  as 
caa  he  seen  la  Figures  6  aid  7.  Ill  was  not  heard  by  ground  observers  during  the 
lho-knot  flight  that  resulted  la  Figure  6,  aad  the  waveform  reflect  the  absence  of 
Impulsiveness.  Waveforms  for  170-kaots  aad  helicopter /observer  placement  comparable 
to  Figure  6  definitely  appear  impulsive  la  Figure  7*  which  agrees  with  observers 
reporting  Mil  for  this  flight  condition. 

Despite  the  good  qualitative  mgrement  between  measured  and  calculated  wave¬ 
form*  for  the  IT 0-knot  case,  the  unsteady  behavior  of  the  calculated  waveform 
betweea  pulses  suggests  that  th*  acoustic  analysis  underestimates  the  lusher  harmonics, 
Figure  t  gives  a  general  Indication  of  the  correlation  between  messured  and  calculated 
rotatioaal  noise  harmonic  levels.  Measured  harmonic  levels  are  consistently  greater 
than  calculated  ones  at  distances  over  1500  to  2000  feet  In  front  of  the  helicopter 
during  high-speed  forward  flight.  Consequently,  although  th*  calculated  waveforms 
accurately  reflect  th«  trends  of  maasured  variations  with  airspeed,  these  waveform 
do  mot  have  esough  higher-harmonic*  content  to  produce  the  maasured  steadiness  of 
pressure  between  pulses.  The  inability  of  the  nanlysls  to  predict  the  higher-order 
harmonic  levels  far  in  front  of  th*  rotor  is  attributed  to  the  following  factors. 

1)  Notion  of  the  rotor  system  in  the  direction  of  an  observer  is 
not  Included. 

2)  Drag  divergence  aerodynamic  forces  are  not  included  in  determining 
source  strength  and  directionality. 

Tb*  acoustic  analysis  that  was  used  represents  the  rotor  system  as  a  conical 
surface  cf  dipole  radiator*  Inclined  at  an  angle  to  the  ground  plane.  At  vy 
point  on  this  surface,  the  dipole  radiates  continuously  at  Integer  multiples  of 
the  blade  passage  frequency  to  produce  the  pressure  field  experienced  by  that 
point  as  a  blade  passes  over  It.  Last's  nonhomogeneous  wave  equation  It  used  to 
transfer  th*  acoustic  pressure  at  the  source  to  the  pressure  reaching  an  observer, 
and  the  total  acoustic  pressure  field  is  obtained  by  integrating  the  contributions 
of  all  source  dipoles  on  the  rotor  surface  for  all  noise  harmonics. 

SUMtCY 

In  tjmmry,  s  amber  of  important  conclusions  have  resulted  from  this  study. 

The  first  of  these  is  that  Rotor  Impulsive  lolse  (RII)  Is  characterized  by  an  In- 
craase  in  sound  pressure  level  of  the  higher  harmonics -or  rotational  noise,  rather 
thaa  Increases  In  broadband  noise  amplitude  sad  modulation,  with  up  to  23  harmonics 
(V25  Herts)  being  measured  during  RII. 

The  second  conclusion  is  that  cruise  RII  and  hover  RXI  of  single  rotor  heli¬ 
copters  appear  to  be  generated  by  different  aeroacoustlc  mechanisms.  Cnlse  RII  Is 
highly  directional  with  maximum  severity  occurring  directly  ahead  of  the  helicopter 
•t-mnll  angles  below  the  plane  of  the  min  rotor,  and  appears  to  result- from  the 
combination  of  acoustic  effect*  of  *ouree  motion  toward*  an  observer  at  high  sub¬ 
sonic  tip  Mach  numbers  and  of  the  aerodynamic  effects  of  drag  divergence.  Aero- 
dynsmle  shock  does  not  rppear  to  be  a  primary  contributor  In  cruise  RII.  Hover 
'.11  result*  from  high  frequency  oscillations  in  airloads  commonly  caused  by 
blade /wake  (min  and/or  tail)  interaction*. 

The  acoustic  analysis  developed  by  Sikorsky  Aircraft  under  sponsorship  of 
the  tustla  Directorate  of  U.  S.  Ar^r  A*«DL  appear*  tr.  be  adequate  to  predict  the 
harmonics  end  time  histories  of  rotor  noise  fslrly  well  In  OGt  hover  and  at 
moderate  distances  from  the  helicopter  tup  to  1,000-1,500  feet)  during  cruise 
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providing  that  high  freqtkency  harmonic  blade  airload  data  u«  available.  The 
aajor  problem  here,  hove*  W,  la  that  normal  data  acquis  it  ioc/proces  sing  techalquet 
uted  in  ttudie*  of  helicopter  airloads  have  not  provided  information  in  the 
frequency  range  required  for  good  acoustic  correlation.  Alto,  currently  available 
theoretical  airloads  prediction  programs  are  Incapable  of  predicting  the  higher- 
harmonic  amplitude  and  phase  data  that  are  needed  for  predicting  the  higher 
harmonics  of  noise.  Correlation  at  large  dlttancea  from  the  helicopter  (beyond 
1,000-1,500  feet)  tends  to  be  poor  during  high  speed  crulte,  presumably  due  to  the 
analytical  omission  of  source  motion  and  drag  divergeecs  effects,  and  poaslble 
atmospheric  scattering  effects  on  the  highly  directional,  higher  frequency  radiating 
patterns. 

FUTURE  RESEARCH  REC0WG3DA7IC5S 

Limited  ability  of  theoretical  airload  analyses  to  predict  higher  harmonic 
amplitude  and  phnie  suggests  that  new  empirical  approaches  are  required  to  provide 
airload  data  for  acoustic  predictions.  Such  airload  data  can  probably  be  most 
economically  developed  through  the  use  of  acoustle  vlnd  tunnel  facilities,  such  as 
the  one  recently  developed  by  the  United  Alrcrsft  Pesearch  Laboratories  and  the 
one- planned  at  h'ASA  Langley. 

lii  addition  to  the  development  of  such  high  frequency  airload  prediction 
schemes,  current  analyses  should  be  modified  to  Include  the  effects  of  source 
translation  as  veil  as  profile  drag  and  drag  divergence. 

A  final  point  which  should  be  made  is  that  although  the  primary  emphasis 
currently  In  the  military  and  Industrial  research  and  development  programs  is  on 
the 'development  of  hardware  for  reduced  noise,  experience  has  shown  that  only  a 
thorough  understanding  of  the  aeroacoustlc  mechanisms  can  guarantee  a  high  prob¬ 
ability  of  success.  As  there  are  a  great  many  areas  of  ignorance  in  rotor  noise 
generation  still  to  be  explored,  continued  support  must  be  given  to  basic  research, 
such  as  those  programs  supported  by  ARC 3,  if  ve  are  ever  to  achieve  quiet  vehicles 
which  are  eeonasieally  feasible. 
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1.0  Introduction 


The  reduction  of  helicopter  noise  in  Military  operations 
has  two  aain  purposes: 

1)  Avoidance  of  detection*  or  delay  of  detection  to 
increase  the  surprise  eleawnt  of  an  operation 

2)  Minimization  of  noise  levels  in  the  region  of 
friendly  forces  to  reduce  communication  loss  due 
to  operations. 

The  chief  eleieents  of  helicopter  noise  are  due  to  vortex 
and  rotational  noise  from  the  Min  rotor  and  tail  rotor*  and 
engine  noise.  One  method  of  reducing  the  effect  of  helicopter 
noise  is  to  reduce  the  noise  at  the  source*  using  techniques 
such  as  slowing  down  the  rotors,  adding  store  blades,  and 
using  engine  and  gearbox  noise  suppression  techniques.  The 
first  section  of  this  paper  will  show  the  penalties  in  per¬ 
formance  and  payload  (  as  measured  by  operating  cost)  which 
result  from  using  this  approach. 

An  alternative  method  of  reducing  the  effect  of  aircraft 
noise  is  to  modify  the  flight  profiles  in  position  and  speed. 
The  ability  of  the  aircraft  to  fly  the  modified  profiles  may 
be  constrained  by  its  available  thrust*  acceleration  limits, 
etc.*  and  some  sm.il  1  penalty  My  be  incurred  in  fuel  or  time 
of  flight.  t!:f-  second  section  of  this  paper  describes  a 
method  for  fihdiuq  noise  optiMl  trajectories  for  a  heli¬ 
copter  takeoff- and  climbout. 


2.0  Helicopter  design  for  Minimum  Molse  Generation 


f 

The  process  for  preliminary  design  of  air  vehicles  can 
be  computerized  such  that  fast*  parametric  variations  car. 
be  obtained.  These  computer  programs  ara  now  a  design  tool 
used  to  find  optimal  configurations  for  required  vehicle 
performance  in ^ terms  of  payload*  range,  speed*  etc.  At  the 
Flight  Transportatlcn  Laboratory*  we  are  extending  our  de¬ 
sign  programs  to  include  the  noise  generation  of  a  given 
vehicle  (as  best  we  can  aatiMte  it)  as  one  of  the  perfor¬ 
mance  measures  of  the  vehicle.  We  then  can  meet  other 
design  objectives  at  varying  levtls  of  noise*  or  can  search 
for  optimal  designs  for  a  specified  noise  level.  The  fol¬ 
lowing  section  briefly  describes  one  such  computer  program* 
far  helicopters,  and  shows  soma  of  the  noise  tradeoffs  one 
can  study  using  the  program. 


The  helicopter  computer  design  program  is  fully  dea- 
crlbed  in  FTL  Technical  Memo  71-1  (Reference  1) .  Briefly* 
the  purpose  of  this  program  is  to  provide  a  rapid  means  of 
invas tigsting  tradeoffs  between  design  parameters  and  vari¬ 
ous  figures  of  merit,  such  as  direct  operating  cost  and 
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noise  generation.  This  program  considers  only  convantional 
pure  helicopters. 

The  program  begins  by  reading  input  data  such  as  de¬ 
sign  payload*  range,  speed*  etc.  end  generating  constants* 
including  atmospheric  data*  for  later  use.  Calculations 
regarding  hover  performance  are -tfonn  for  a  hot  day*  all 
other  calculations  as  sum  a  standard  day. 

Then  the  program  goes  into  a  design  procedure  which 
is  an  iteration  on  gross  weight.  Initially  a  gross  weight 
is  estiMted  baaed  on  the  design  payload;  on  succeeding 
iterations  the  previous  gross  weight  is  used.  The  rotor 
is  then  designed  considering  both  cruise  and  hover,  next 
the  fuselage  is  aisad  and  parasite  drag  is  calculated. 

Then  the  power  plant  and  drive  system  is  sized  to  the  maxi¬ 
mum  of  cm i as  and  hover  requirements.  If  hover  rpm  is  lass 
than  cruise  rpm  then  the  installed  power  required  for  cruise 
is  increased  accordingly.  This  completes  the  selection  of 
design  paraMters. 

The  vehicle  is  then  flown  through  the  design  mission 
to  find  the  fuel  consumed.  Ten  phases  in  the  mission  pro¬ 
file  are  considered:  hover*  vertical  climb,  acceleration 
to  advance  ratio  .325*  unaccelerated  climb*  acceleration  to 
cruise*  cruise*  undecelerated  descent*  deceleration  to  ad¬ 
vance  ratio  .325*  deceleration  to  hover,  and  vertical  descent. 
The  tiM*  distance  and  fuel  consumed  in  each  phase  is  cal¬ 
culated.  A  table  of  rotor  lift  to  drag  ratio  vs.  advance 
ratio  and  thrust  coefficient  to  solidity  ratio  is  used  to 
ostiMte  perfonsance  above  advance  ratio  .325.  This  tabic 
was  derived  from  Ref.  2. 

Then  the  component  weights  are  calculated,  resulting 
in  a  new  gross  ’height.  If  the  difference  between  new  and 
old  gross  weights  is  greater  than  10  lbs.,  the  design  pro¬ 
cedure  goes  through  another  cycle.  When  the  iteration  is 
complete  the  parameters  describing  the  final  design  are  output. 


Then  the  vehicle  is  flown  through  various  mission 
lengths  th^c  are  less  than  the  design  range*  with  appro¬ 
priate  cruise  altitudes  and  speeds.  The  time*  distance* 
and  fuel  consumed  for  each  phase  o*  each  mission  is  cal¬ 
culated*  output,  and  stored  for  use  in  the  calculation 
of  direct  operating  cost  (DOC). 


Then  the  program  calculates  doc's*  broker,  down  by 
categories,  for  each  stage  length  and  prints  this  out.  The 
DOC  is  now  calculated  according  to  the  Lockheed  VTOL  for¬ 
mula  (Refs.  3*  4). 


Finally*  the  program  makes  calculations  regarding  the 
noise  generated  by  the  vehicle.  Vortex  noise; is  calculated 
using  the  well  established  formula  taken  from  reference  5 


for  an  observer  at  300  feet  distance; 


Lp  «  overall  sound  pressure  level*  db 
where  T  •  thrust*  lb. 

vtip  *  *otor^tip  speed,  ft/sec 
•  air  density*  slugs/ft3 
A#  »  total  rotor  blade  area*  ft2 


Simple  inverse  square  law  attenuation  is  assumed  for  ob¬ 
servers  at  other  distances.  Directivity  effects  arc  not 
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considsrad.  This  forxul.  ia  spoiled  to  all  flight  condl- 
tiona.  In  eruiaa  tha  advancing  blada  tip  apaad  la  uaad. 

Contrary  to  Mat  trajactory  optimization  problaaa 
using  dynamic  progrssmlng,  controla  ara  applied  at  a  given 
atata  and  ataga  to  find  tha  optimum  path  from  tha  initial 
conditiona  to  that  atata,  rather  than  applying  controla 
forward  in  time  and  finding  tha  optimal  patn  to  tha  terminal 
conditiona.  Tha  main  raaaon  for  thia  ia  that  tha  Initial 
conditiona  ara  more  preciealy  defined  than  tha  terminal  condition*. 


'  Modal  of  tha  Aircra 


A  dynamic  modal  of  tha  aircraft  la  ahewn  in  figure  ». 
t  and  T  (and  hence  tha  noiaa  generated)  ara  calaulated  ia 
tarma  of  tha  atata  variablaa,  x  and  h,  and  control  varia- 
blaa  Ax  and  A  ft. 

Tha  ayatam  conetralnte  with  thia  program  ara 


0<  x<  350  fc/aac 

0  <  h  <  go  ft/aec 

-10  ft/aac2  <  x  <  10  ft/aac2 

-10  ft/asc2  <  h  <  10  ft/eac2 


Power  limitation  f  4  F—|1 


iaontal  diatance  corresponding  to  each  point.  Thia  can  be 


FI5UHE  I  SCHEMATIC  OF  TAKEOFF  MOFIIE 

repeated  for  obaervere  at  dlffarant  dlatancaa  from  the  take¬ 
off  point.  Molia  on  the  ground  due  to  the  vehicle  cruieing 
at  eruiaa  altitude  directly  overhead  ia  alao  calculated. 


Other  conatrainta,  euch  aa  maximum  height,  could  eaaily  be 
added  but  have  not  been  implemented  at  thia  ataga. 

Initial  conditiona  ara 

x  -  0  x  -  0 

h  -  0  h  -  0 

Terminal  conditiona  are 

x  ’  xterm 
h  *  I*term 
*  *  'term 

Rotational  noise  was  hand-calculated if or  a  saaple  case 
using  the  method  of  ollerhead  and  Low* on.  Ref.  6#  and 
another  method  developed  in  the  flight  Transportation 
Laboratory  (Ref.  7) .Both  results  indicated  that  rotational 
noise  was  not  significant  for  helicopters  with  low  tip 
speeds,  and  thus  it  has  not  been  included  in  the  prograa. 

The  standard  takeoff  profile  assuaed  throughout  the 
helicopter  design  procraa  is  shown  in  Pig.  1.  The  land - 
ing  profile  is  just  '<*  reverse.  During  the  acceleration 
phase  the  vehicle  tries  to  accelerate  horisontally  at  the 
allowable  acceleration,  and  if  it  has  aore  than  enough 
power  to  do  this,  it  uses  the  excess. power  to  cliab.  Hence 
the- profile  varies  depending  on  howauch  power  is  avail¬ 
able  and  the  max laum  acceleration  allowed.  During  the 
cliab. phase  the  vehicle  climbs  at  constant  forward  speed. 

The  observers  are  always  in  the  plane  of  the  takeoff  pro¬ 
file.  Varying  the  height  of  vertical  cliab  has  tha  effect 
of  shifting  the  noise  profile  up  or  down.  Reducing  the 
aaxlaua  acceleration  causts  greater  excess  power  to  be 
avsilable  for  cliab  and  hence  has  the  effect  of  tilting 
the: path  upward  during  acceleration. 

As  the  vshiele  acceleratee  froa  reat  to  ite  vertical 
rate: of  cliab,  thrust  is  greater  than  weight  and  henct  ex¬ 
tra  noise  is  genorat?d.  The  noise  resulting  froa  aaxlaua 
thrust  is  calculated  and  assumed  to  represent  the  noise 
in  the  first  few  seconds  of  the  takeoff  profile. 

The  noise  It  calculated  at  IS  points  during  the  take¬ 
off  profile  and  output  along  with  the  ties,  altitude  and  hor- 


A  study  of  the  tradeoff  betwaan  noise  generated  and 
DOC,  using  the  helicopter  coapu ter  design  prograa,  has 
been  started.  The  initial  results  ara  shown  in  Pigures 
2,  3  and  4.  DOC  is  plotted  vs.  perceived  noise  level  in 
hover  for  an  16,000  lb.  payload  tandea  helicopter.  The 
DOC  is  for  a  aultiple  hop  trip  with  hops  of  5,  20  and  100 
ailes  for  a  total  of  12 S  alias. 

Othsr  symbols  on  the  graphs  are  as 

follows: 

CT  «  rotor  thrust  coefficient 
<T*  ■  rotor  solidity 

Mat  “  advancing  tip  Mach  number  in  cruise 
Vcr  "  cruisa  speed,  aph 
DR  ■  design  range,  ailes 
vth  "  speed  in  hover,  ft/sec 

Vfccr  •  blade  tip  speed  in  cruise,  ft/sec 
DC  •  disc  loading,  lbs/ft3 


Tha  formula  for  the  calculation  of  rotor  vortax  noise 
at: 300  ft  froa  Ref.  5  aey  be  written  as  follows  fortbe 
hover  condition: 

L,  -  10  log  (3.04  x  l0**(Vth>*  A,  Ct2) 

where 


Ag  ■  blade  area 
*  N 

Vdl* 


Wyr  «  v.hlcl.a  gross  weight 
Ct  •  .vsr.g.  blsd.  lift  coefficient 

CL  '  ‘<{VJr)  hover 


In  order  to  nduc.ivortex  noil,  in  bovsr  it  i.  elssr  that 
ws  must  radue.  hovmr  tip  apssd.  Mowsv.r,  sine.  th.  asm. 
rotor  develop.  vary  n*.riy  th.  .so.  thrust  in  bovsr  and 
eruiaa,  tbs  following  rs 1st  ion  .ppli.st 


1/2/W  V?h  <V>hov.r  *  1/2^cruis.  vt=r  «¥ir>erui.. 
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A  autlaua  for  (Cyjrl  la  0.100.  vt  la  flvan  by 

v 

ter  1  -y* 

where 

ja*  advance  ratio 

aer*  speed  of  sound  at  cruise  altitude. 

Thus  we  keep y4.at  a  practical  Mxinua  of  0.50  and  Vtcr  ia 
proportional  to  Mlfc.  Hence,  in  order  to  reduce  noise  we 
■ust  reduce  (c OK  \t‘  **•••  *ra  th#  variations 
shown  in  figures  2  and  3,  respectively,  for  different  values 
of  PL.  These  two  sets  of  curves  assume  that  vth  and  Vfccr 
are  independent.  This  requires  either *  that  there  is  no 
variation  in  engine  power  or  specific  fuel  consumption  with 
engine  rp*  over  the  appropriate  range;  or,  that  there  is 
a  transmission  ratio  change  between  cruise  and  hcver.  This 
assumption  is  optimistic.  The  variation  in  figure  4  is 
equivalent  to  figure  3  only  with  vth  ■  vtcr*  eliminating 
this  assumption. 

The  propagation  conditions  assumed  account  for  geometric 
spreading  only  from  a  nominal  distance  of  300  ft.  There  is 
no  correction  for  ground  reflection,  effects  of  air  absorption. 

figures  2  and  3  shorn  about  25%  increase  in  DOC  for  a 
6  ds  reduction  in  Sound  pressure  Level.  Xn  general,  reduc¬ 
tion  of  (C^)  in  cruise  appears  to  be  a  slightly  less  ex¬ 
pensive  way  of  reducing  noise  than  reducing  except 
for  very  low  disc  loadings.  This  is  because  DOC  is  quite 
sensitive  to  cruise  speed,  which  depends  directly  on  Nflt. 

Also  the  optimum  disc  loading  is  shown  to  be  about  S  for 
this  vehicle.  This  is  somavhat  lower  than  current  practice. 
However,  the  reduction  in  hover  power  required,  and  hence  in 
engine  and  rotor  weight,  and  the  cost  of  maintaining  these 
components,  justifies  a  movement  toward  lower  disc  loading. 
The  curves  of  figure  4  are  similar  to  those  of  figure  3 
except  they  are  displaced  upward  for  a  given  hover  tip  speed. 
This  is  because  putting  -  \cr  has  reduced  Vfccr  and  con¬ 
sequently  cruise  speed. 

Unfortunately,  there  are- no  presently  operating  heli¬ 
copters  which  are  equivalent  to  the  vehicles  studied  here. 

The  right  hand  ends  of  the  various  curves  indicste  vehicles 
which  are  close  to  optimal  (minimum  DOC)  without  regard  to 
noise.  Presently  operating  helicopters  were  also  designed 
without  regard  to  noise,  and  hence,  should  make  roughly  the 


La,  SI  IN  MOVER  AT  300  FEET 


fi cure  2  ooc  vs  is  for  variations  in  W  kt  .(cr'#tovc*. 

V„  AN0  ON  CONSTANT 


LS.  si  IN  MOVER  AT  500  FEET 


FIOURE  S  OOC  VS  LS  FOR  VARIATIONS  M  M"  WITH  <CT/r)cf  .  HV'WnCR’ 
AMO  OR  CONSTANT 


tp,ssm  MOVER  AT  300  FEET 


FIGURE  4  OOC  VS  LP  FOR  VARIATIONS  IN  M*  WITH  (C j/*kr  »‘CT'' fovCR* 
ANO  OR  CONSTANT 


same  noise  for  a  given  vehicle  site.  The  helicopters  under 
study  here  are  assumed  to  incorporate  1975  technology.  This 
is  reflected  in  various  aerodynamic  and  structural  parameters 
which  are  input  to  the  program.  Thus  present  day  helicop¬ 
ters  would  fall  above  the  right -hand  ends  of  the  curves. 

Since  they  have.  vth  ■  Vfccr,  they  would  be  plotted  in  figure 
4. 


Another  study  has  examined  the  noise  perceived  by  a 
listener  under  the  takeoff  path  of  three  distinct  helicop¬ 
ter  designs;  one  representing  a  current  helicopter,  one 
representing  a  minimum  operating  cost  vehicle  designed 
using  present  state  of  the  art  technology,  and  the  last 
representing  a  quiet  vehicle  designed  using  present  state 
of  art  technology. 

The  three  vehicles  are  all  tandem  helicopters,  carry¬ 
ing  10,090  lbs.,  payload  and  a  crew  of  three.  They  all  fly 
takeoff  and  landing  profiles  similar  to  those  previously 
described,  and  cruise  at  5000  feet.  The  vehicles  are 
compered  in  Table  X. 

The  first,  called  R70,  represents  what  is  existing 
and  available  now.  it  is  an  approximation  of  the  toeing/ 
Vertol  347,  a  helicopter  prototype  which  first  flew  in 
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My  WTO,  excpt  that  it  hu  lw  puuiu  drag.  It  hM 
(tightly  *ore  rang*  than  tha  othar  two,  hot  doe*  not  ha** 
tha  ability  to  hover  attar  angina  failur*. 

Tha  aacond  vehicle,  called  MOTS,  ia  a  einiau*  DOC 
vehicle  designed  without  ragard  for  nolsa.  It  represents 
what  could  b*  flying  in  prototype  for*  in  1»75  using  the 
latest  technology.  It  ia  an  optiaal  vehicle  given  tha  site 
and  flight  profile.  The  single  rotor  configuration  waa 
considered  for  this  and  the  third  vehicle  but  the  coM*rable 
single  rotor  ship  waa  always  alighily  «ore  expensive  to 


op«rau  ind  slightly  noiiiir* 

Table  li  Vehicle  comparison 

m — 

HC75 

Q75 

Payload *  lb 

10,000 

10,000 

10,000 

Cruise  Speed*  *ph 

217 

252 

210 

Cruise  Altitude#  ft# 

5000 

5000 

5000 

*ange  with  reserve,  «i. 

600 

400 

400 

Gross  Weight,  Lb 

46,140 

33.813 

43,003 

Engine-out  Hover  capability 

HO 

Yes 

Yes 

Installed  power,  hp 

7257 

5448 

6913 

Disc  Loading,  lb/ft2 

7.0 

5.0 

5.0 

Solidity 

.088 

.083 

.205 

matber  of  blades 

8 

6 

6 

Tip  Speed,  Hover,  ft/  sec 

707 

640 

320 

Tip  Speed,  Cruise,  ft/sec 

707 

672 

514 

Cj/j-  Hover 

.067 

.062 

.100 

c^/tr  Cruise 

.078 

.065 

.045 

Advance  Ratio  in  Cruise 

.45 

.55 

.55 

advancing  Tip  Mach  Ho. 

,935 

.950 

.750 

Lift/drag  Cruise 

4.86 

5.52 

5.34 

DOC  g  100  *1  C/seat  mile 

3.B7 

3.07 

4.02 

Lp  Takeoff  9  S00  ft,  dB 

82 

79 

70 

L|>  Cruise  #  5000  ft,  rti 

64 

61 

56 

The  two  configurations,  however,  differ  by  less  thsn  the 
accuracy  of  our  techniques  and  hence  no  definite  choice 
can  be  made. 

.  The  third  vehicle,  called  Q7S,  is  a  minimum  DOC  vehicle 
designed  to  have  a  peak  Sound  Pressure  Level  at  takeoff  or 
landing  of  70  dB  at  S00  feet  and  a  peak  Sound  Pressure 
Level  in  cruise  flyover  of  56  dB  at  5000  feet.  The  5000 
feet  cruise  altitude  was  chosen  to  make  the  vehicle  compar¬ 
able  to  the  first  and  second  vehicles,  but  this  vehicle 
could  cruise  at  10,000  feet,  waking  an  Lf  of  SO  dB,  with 
only  a  small  penalty  in  DOC.  This  vehicle  also  uses  W7S 
technology  and  is  optimal  within  the  else,  flight  profile 
and  noise  constraints  given. 

The  direct  operating  cost  (DOC)  of  the  three  vehicles 
is  shown  in  Pig.  S.  DOC  Is  shown  in  dollars  per  saat  trip 
which  makes  a  clearer  presentation  than  cents  par  seat  *11*. 
Each  vehicle  could  have  SO  seats.  It  can  be  readily  seen 
thet  at  very  short  ranges  the  DOC  is  about  the  earn  for  all 
three  while  at  longer  ranges  170  and  Q7!  coat  about  the  sea* 
While  MC75  is  significantly  cheaper. 

Figures  5,  6  and  7  show  the  Sound  Pressure  Level  versus 
tie*  duj !ng  the  takeoff  of  the  three  helicopters  aa  heard  by 
three  observers  at  500 ,  1000  and  1500  feet  distances  fro* 
die  takeoff  point. 

Various  conclusions  can  b*  drawn  fro*  these  curves.  It 
is  clear  that  Q7S  is  draaatlcslly  quieter,  not  only  because 
it  generates  less  nolue  but  because  it  moves  out  of  tha  take¬ 


off  area  acre  rapidly.  All  of  tha  curves  show  two  peaks, 
om  at  lift  off  (vertical  acceleration)  and  one  approximately 
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overhead  in  flyover.  Which  p««k  is  greater  depends  on  the 
takeoff  trajectory  and  the  observer  location.  The  effects 
of  increasing  the  height  of  vertical  climb  and  of= tilting 
the  flight  path  upward  after  vertical  climb  are  similar. 

This  raise*  the  question  of  the  optimal  flight  trajectory 
to  minimize  either  annoyance  or  detection  resulting  from 
the  noise,  and  the  design  of  the  aircraft  capable  of  flying 
this  trajectory. 

1.0  Optimal  Noise  Takeoff  Profiles  for  a  Helicopter 

Tot  a  given  helicopter  with  its  performance  constraints, 
and  noise  generation  charicteristics,  the  question  still  re¬ 
mains  of  how  to  operate  that  helicopter  such  as  to  minimize 
the  r.oise  exposure  (by  some  criteria)  of  a  given  set  of 
listeners,  if  an  optimal  trajectory  can  be  found,  then  the 
effects  of  constraints  arising  from  vehicle  performance  can 
be  investigated,  and  a  feedback  established  to  the  vehicle 
design  process.  The  following  section  describes  the  use 
of  dynamic  programing  to  minimize  the  annoyance  due  to 
noise  of  a  helicopter  in  the  takeoff  and  climbout- phases 
of  flight  on  a  listener  directly  under  the  flightpath. 

A  more  complotedescription  may  be  found  in  References  8, 

9. 


?.q.  l  vit  si  pvn«»lt  rr°wlM 

A  detailed  description  of  dynamic  programming  may  be 
found  in  Reference  10:  in  this  example  the  state  variebles 
have  been  chosen  to  be  horizontal  and  vertical  components 
of  velocity,  it  and  h.  Control  variables  are  discrete  dif¬ 
ferences  in  the  values  of  the  state  variables.  Ax  and  Ah. 
This  affords  some  simplification  of  the  problem  since  ap¬ 
plication  of  controls  takes  the  aircraft  directly,  from  one 
set  of  quantised  values  of  state  variables  to  another. 

This  avoids  the  necessity  for  interpolation.  As  it  is 
usually  the  case  the  stage  variable  is  taken  to  be  time, 
t,  which  is  also  quantized  into  discrete  value v of  interval 
At. 

Height  and  ground  track  at  the  terminal  conditions  are 
unconstrained. 

M-i  noise  Generation  ttxfrl  >nd.Ampyg!>€f  glUtriR 


^  AMO  Ic  ARE  COMPONENTS  OF  INERTIAL  REACTION 
PARALLEL  ANO  PERPENDICULAR  TO  THE  FLIGHT  PATH 


lL  s  v 

9 


Ic  •  w  «  v  *  y 
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FIGURE  9  DYNAMIC  MODEL  OF  AIRCRAFT 

A  noise  generation  model  is  required  which  predicts 
the  sound  pressure  level  in  octave  bandwidths  at  any  point 
on  a  sphere  of  given  radius  centered  on  the  aircraft.  From 
a  knowledge  of  attenuation  due  to  spherical  spreading, 
ground  effect  and  atmospheric  attenuation,  the  sound 
pressure  level  in  octave  bandwidths  as  heard  by  a  listener 
could  be  determined,  and  the  perceived  noise  level -in  PNdB 
calculated.  This  figure  could  then  be  substituted  into 
some  function  relating  perceived  noise  level  and  annoyance 
so  as  to  find  the  annoyance  over  the  given  time  interval. 

Unfortunately  such  a  noise  model  does  not  yet  exist 
in  analytic  form  so  some  simplifying  assumptions  must=be 
made.  Rotor  rotational  noise  is  a  low  frequency  phenomenon, 
and  although  the  SPL  may  be  higher  than  for  vortex  noise,  its 
contribution  to  annoyance  is  small.  Assuming  that  continued 
use  of  noise  suppression  techniques  can  reduce  engine,  trans¬ 
mission  and  tail  rotor  noise  to  acceptable  levels,  main 
rotor  vortex  noise  remains  as  the  most  important  parameter- 

This  is  somewhat  of  an  oversimplification  but  it  does 
mean  that  an  easily  manageable  noise  model  can  be  created. 

Using  Schlegel's  equation  for  overall  vortex  noisezfrom 
Appendix  C  of  Reference >11, -the  sound  pressure  level  at 
a  radius  r  from  a  helicopter  is  given  by  ^ 

IK,  •  10  [l  log  V0>7  +  2  log  T  -  I09  -  2  log  tr/300)  -3.S7J 

where  Vo, 7  is  the  linear  blade  velocity  of  the  0.7  rad. 
section. 

A^  is  the  total  blade  area  (blade  planform  area  x 

number  of- blades) 

T  is  thrust. 

Directivity  effects' have  not  been  included  at  this  stage. 

Prom  a  knowledge  of  the  vortex  noise  frequency  distribution, 
the  perceived  noise  level  may  be  calculated  in  terms  of 
the  overall  SPL. 

3.1.4  Th«  Cilterloo  of  Annoyance 

In  .  atudy  by  tribur^er  and  La.  (tut.  1*)  on  optiael 
tr.Jeetorlee  with  re.pect  to  noi.t  for  eonv.ntion.1  air¬ 
craft,  tha  unit  of  annoyance  called  the  noy  va.  uaed.  Thia 
ia  ralatad  to  Ml  by 

.  J0  ("**«>/«•»  {J, 
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where  Hj  it  total  noitinata  in  noye.  For  noita  in  tha  urban 
environment  thara  ara  two  factors  that  >aka  tha  noy  unsuit¬ 
able.  Tha  first  is  that  noisa  laval  below  to  Mktt  appears 
to  be  acceptable  to  tha  Majority  of  tha  population  (accord¬ 
ing  to  results  in  Kef.  13).  Tha  second  is  that  if  the  back¬ 
ground  urban  noisa  laval  is  SO  PMdl,  than  any  additional 
noisa  balow  SO  FMdB  does  not  have  each  affect. 

A  possible  altarnativa  is  to  use  a  aodlfied  noy  defi¬ 
nition  in  the  form 


Annoyance  - 


^0{PKL-8(y33.2] 

WUBO 


(51 


FML)  80 


O) 


In  this  work  the  following  relationship  was  used 


Annoyance 


(4) 


This  expression  agrees  with  aquation  (3)  to  within  1  unit 
over  the  range  85  to  123  PNdB  (sea  F:q*.re  10). 

The  other  effect  that  must  be  considered  is  tha  dura¬ 
tion  of  the  noise  on  annoyance.  In  this  work  tha  performance 
function  to  be  minimized  was  chossn  to  be 


J 


L 


I 


(5) 


where  J  is  the  function  to  be  minimized,  and  given  tha  unit 
S -numbers 

t  is  the  number  of  time  Intervals 
is  the  horizontal  velocity 

hj  is  the  vertical  velocity 
Atj  is  the  time  interval  over  which  MB.  ia  measured 
At^#j  is  some  reference  time  interval. 


Comparing  thia  unit  with  that  of?the  SPtfL.  which  also  inte¬ 
grates  noise  over  a  time  period,  there  are  three  main  dif¬ 
ferences  ■m 

i)  the  S-number  sums  annoyance  (v*  10**‘2) 

FHL 

whereas  the  EPWL  sums  energy  (v*  10  ) 

so  that  the  duration  effect  is  given  more  relative  importance 
in  the  5-number  formulation. 


FIGURE  10  NOISE  LEVEL  VS.  ANNOYANCE 


< 

ii)  the  SMB*  has  no  explicit  background  noise  level 
cutoff,  whereas  the  8-mxtoer  dose. 

ill)  the  SMB*  takas  the  logarithm  of  the  sum,  whereas 
the  • -number  dome  not. 

ill  UtaUt 

hlrl.  VAluaa  of  Jwmsters  in  txamplp 
Figures  11  to  IT  ehow  the  graphical  output  from  one* 
computer  run.  It  ie  only  intended  to  ehow  how  the  program 
operates)- it  ie  not  possible  to  drew  any  conclusions  about 
improvement!  to  the  aircraft  design  from  these  figures. 
Save rthe lea  »  they  do  show  whet  the  program  is  capable  of 
end,  more  Importantly,  how  it  needs  to  be  improved. 

The  pet. 'meters  used  in  thia  example  ere  ee  follows t 


Onwi  v»lght 

58,000  lb. 

Ml«d«  chord 

4.18  ft. 

Blade  thlckn... 

.50  ft. 

Motor  radius 

36.4  ft. 

Motor  Angular  velocity 

14.3  r*d/sec 

Motor  blad.  anglo  of  atteck 

0.07  rad. 

■arbor  of  bladaa  p*r  rotor 

3 

■Hbrr  of  rotor. 

2 

aqulvalant  flat 

Plata  araa 

39.5  ft2 

Diatanca  of  obaorvar  fro. 
taka -off 

500  ft. 

Maxlau.  allowable  PH. 

Unlimited 

Tarainal  horlaontal  valoclty 

150  ft/»«c. 

Tar. Inal  vartical  valoclty 

0  ft/MC. 

Tl».  to  roach  tanlnal 
condition. 

29  >ec. 

Total  .haft  horaapovmr 

22,000  hp. 

3.2.2  •liecussion  of  Kesults 

figure  lit, Flight  Path  Prof list  Thia  figure  shows 
the  shape  of  the  flight  path; profile.  Program  constraints 
prevent  negative  values  of  x  or  h.  As  might  be  expected 
the  aircraft  tekes^off  vertically  end  gradually  trans¬ 
lates  to  horizontal  flight. 

flours  13:  Weight  end  Ground  Track  Plotted  was Inst  time: 
This  figure  servss  only  to  refsrence  the  subsequent  figures, 
which  are  plotted  against  time,  agsinet  the  flight  path 
profile,  in  tdtlch  time  is  not  expressed  explicitly. 

flice  13i_Velues_ol_v,^x  end  ht  The  figure  shows 
that  the  aircraft  initially  climbs  vertically  until  a  rate 
of  climb  of  40  ft/eec.  ia  reached)  it  then  starts  to  ac¬ 
celerate  horizontally  and  the  rate  of  climb  remains  constant 
at  SO  ft/sec.  The  reason  for;  thia  can  be  seen  from  figure 
15,  which  shows  that  at  t  *  5  seconds  increase  of  rata  of 
climb  is  raatrietad  by  power- limitation.  When  the  horizontal 
velocity  has  reached  (0  ’ft/sec.  the  induced  power  hat  de¬ 
creased  sufficiently  for  the  aircraft  to  increase  its  rata 
of  climb  to  60  ft/aec»,  hereafter  the  rate  of  climb  remains 
constant  for  2  seconds  and. than  gradually  decrees?*. 

The  decrease  In  horizontal  velocity  at  t  •  21  seconds 
serves  to  decrease  tha  thrust,  and  hence  noiae  level,  while 
tha  aircraft  la  In  audible  range,  from  Figure  16  it  can  be 
seen  that  for  tp-:25  seconds  tha  aircraft  la  out  of  audible 
range  and  la  able  to  accelerate  to  terminal  conditions 
without  causing  further  annoyance,  the  overall  reduction 
In  ennoyence  gained  by  this  manoauver  ia  very  smell  end  In 
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GROUND  TRACK  (THOUSANDS  Of  FEET) 

FIGURE  II  FLIGHT  PATH  PROFILE 


FIGURE  12  HEIGHT  ANO  GROUNO  THACfC  VS,  TIME 


I  FIGURE  IS.  ».  «  AND  A  VS.  TIME 

i 

l 


practice  would  hardly  be  worth  performing. 

filVff  14  *»• 

plot  of  power  requirement  against  time  shows  up  ons  of  J 

ths  major  limitations  of  tha  program  as  configursd  at  J 

peasant;  aircraft  parformanca  is  llmitsd  primarily  by  the 
mumhar  of  control  options  that  ara  available,  and  only  ! 

sacondarily  by  tha  maximum  powar  constraint.  Por  example, 
it  would  probably  ba  advantageous  to  apply  full  power  im-  \ 

madiataly  aftar  taka-off,  but  tha  rata-of-climb  control  s 

availabla  does  not  use  full  power  at  tha  take-off  condi-  | 

tions.  Tha  solution  to  this  problem  would  ba  to  have  a 
greater  range  of  controls  available,  so  that  controls 
utilising  maximum  powar  could  ba  uaad  under  ail  flight  l 

conditions. 

figure  lt«  Annoyance  Produced:  The  curve  shows  tha 
cumulative  annoyance,  so  that  tha  gradient  of  tha  curve  | 

indicates  the  level  of  annoyance  at  any  given  time.  Tha  jj 

curve  ia  steep  for  tha  first  6  seconds  whan  tha  highest  >, 

lsvsl  of  thrust  is  applied,  and  leas  steep  whwn  thrust  la  j 

reduced.  Tha  rata  of  cumulative  annoyance  finally  decreases  | 

to  ssro  as  the  aircraft  recedes  out  of  audible  range. 


3.1  Program  Limitations  and  Extensions 


3.3.1  Use  of  Ho re  Controls 

In  this  dynamic  programming  example  tha  control  vari¬ 
ables  were  numerically  equal  to  the  quantised  increments 
in  state  variables.  This  avoided  the  need  for  interpolation 
procedures. 
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0  2  4  •  4  ;  10  12  14  16  M  20  22  24  24  24  30 


TIME.  SEC 

FIGURE  IS  POWER  VS.  TIME 


TIME.  SEC 

FIGURE  IS  ANNOYANCE  PRODUCED  VS,  TIME 

If  more  control*  ver*  u*«<J  th«  aircraft  could  fly  at 
states  that  war*  not  quant iiad  increment*  in  atat*  vari¬ 
able*.  E.q.,  at  prnsent  It  can  fly  at  either  20  ft/**c 
or  30  ft/»»c  but  not  intervening  *p**d*. 

U*«  of  nor*  control*  would  require  a  considerable 
Increase  in  confuting  tine  but  only  a  *«*11  increase  in 
additional  ccaputer  storage. 


continuing  on  all  these  aspect*  of  iaprovenent. 


4.1  By  including  noise  as  a  asasure  of  vehicle 
perfornance.  it  appears  possible  to  design 
future  helicopters  which  are  significantly 
quieter  (10-20  db)  than  current  versions. 

The  penalties  for  thia  quietness  a*  Measured 
by  operating  costa  are  in  the  range  of  20-30X. 


.  4.2  The  optimal  noise  annoyance  profile  for  a 

helicopter  takeoff  involves  a  vertical  clinb 
for  100  feet  or  aore,  and  a  aubatantial  reduc¬ 
tion  in  power  as  the  listener  is  overflown. 


1.  Helicopter  Design  Program  Description,  R.  Faulkner, 

M.  Scully,  PTL  Technical  Hsiao  71-3,  May  1971. 

2.  Generalised  Rotor  Performance ,  t.  Kisielowski  at  el.. 

The  Rosing  Co.,  OSA  AVIABS  Tech.  Report  66-93,  Feb.  1967. 
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CO..  CAASA/013,  October  1967. 
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Reference  6  gives  a  directivity  correction  to  equation 

(l>  ‘Vl,  iogf  Wt-t-oa-l 

®  [cos*  70  *  0.1  J 


where  Fp  le  the  correction  to  be  applied  to  (1) . 

Is  the  anglebitween  listener  and  shaft  axis.  This 
correction  can  be  applied  without  difficulty. 


Another  useful  modification  to  the  program  would  be 


in  the  addition  of  more  listener*,  who  could  be  positioned 


out  of  the  plan*  of  the  flight  path,  work  is  presently 


Sound  Attenuation  Over  Simulated  Ground  Cover  * 

S.  P.  Poo  ond  L,  I.  Event 

Wyle  Laboratories,  7100  Governors  Drive,  Huntsville,  Alobomp  39107 

AtS  TRACT 

In  dealing  with  wove  propagation  over  lend  below  1000  Hz,  ground  ottenuotion  it  on 
important  consideration.  Very  often,  the  octaot  ground  surface  is  covered  with  o  thick 
loyec  of  vegetation  which  has  o  very  high  overall  void  to  volume  ratio.  Such  o  composite 
boundary  should  be  represented  as  layered  media  in  order  ta  assess  the  ground  ottenuotion 
effect  correctly.  The  wove  ottenuotion  characteristics  under  such  conditions  ore  studied 
in  this  poper.  It  is  found  through  theoretical  analysis  that  a  layered  boundary  gives  rise  to 
strong  selective  absorption  in  certain  frequency  bands.  Experimental  data  has  been  taken 
under  laboratory  conditions  over  a  wide  range  of  normalized  parameters,  ond  the  results 
quantitatively  confirm  many  aspects  of  the  predictions,  loth  theory  and  experiment  indicate 
that  significant  attenuation  to  very  low  frequencies  con  be  expected  for  sound  propagation 
over  o  deep  layer  of  vegetation.  Other  results  include  the  confirmation  of  a  strong  sound 
pressure  gradient  in  the  verticol  direction  neor  the  layered  boundary,  that  the  excessive 
ottenuotion  can  increase  ot  most  6  dl  per  doubling  distance,  ond  that  the  effectiveness  of 
ground  attenuation  depends  critical!/  on  the  elevation  ongle  of  the  sound  source. 

INTRODUCTION 

The  precise  onoly  tic  nature  of  sound  attenuation  near  o  boundary  with  known  acoustic 
impedonce  wos  first  mode  clear  in  o  series  of  studies  by  Rwdnick  1 ,  Ingord  *,  ond  Low  heed 
and  Rwdnick  1 .  The  main  application  has  been  the  estimal'on  of  ground  ottenuotion  effects 
on  sound  propagation  in  the  atmosphere.  Some  subsequent  analytical  studies4*1  and 
experiments  4*,»l  have  father  explored  the  details  of  this  phenomenon.  In  these  studies, 
the  ocoutic  media  above  and  below  the  bowndory  plane  are  assumed  ta  be  semi-infinite. 
Constant  values  ora  prescribed  ta  either  the  impedances  of  the  two  media  or  the  normal 
impedance  of  the  boundary  itself.  However,  in  mqr.y  situations  with  practical  importance, 
the  boundary  between  the  upper  ond  the  lower  semi-infinite  acoustic  media  is  not  a  simple 
plone,  but  a  poraus  layer  with  finite  thickness.  It  is  natural,  then,  ta  investigate  the 
wove  ottenuotion  chorocteristiet  neor  such  o  composite  boundary. 

In  the  onolysis  of  the  simple  boundary  configuration,  the  only  geometrical  parameter 
•t  the  ratio  of  source  I  eight  to  the  wove  Isngth.  The  magnitude  of  ottenuotion  depends 
moinl/  on  the  impedonce  ratio,  or  the  normal  impedance,  ot  the  boundary.  It  wot  pointed 
out  in  the  previous  onol/ticol  studies  thot  ground  obsorption  crises  because  the  sound  wove 
propagates  ot  neorly  g fencing  ongits  of  incidence,  and  the  wove  front  is  spherical.  On 
the  bo  ndory.  the  ground  attenuation  increases  at  6  dl  per  doubling  the  separation  distance 
between  the  sound  source  ond  the  point  of  observation.  A  steep  sound  pressure  gradient 
exists  neor  the  boundo'y  such  thot  the  ground  ottenuotion  effect  decreoses  rapidly  os  one 
moves  owoy  from  the  bound* ry. 

In  previous  experimental  studies t’1 ,  selective  obsorption  of  sound  due  to  ground  effects 
hot  also  been  observed.  The  peek  obsorption  bond  is  usually  located  between  300-100  Hz. 
Two  probable  explanations  hove  been  offered:  the  Interference  effect  of  differential  paths 

*  The  materiel  in  this  paper  was  presented  in  port  ot  the  10th  Meeting  of  the 
Acoustical  Society  of  America,  November  1970,  Houston,  Texas. 


of  wove  propagation,  end  the  variation  of  normal  Impedance  of  the  boundary  with  respect 
to  frequency.  Evidence  has  been  found  to  support  both  theories  4*5'4. 

Owing  to  the  special  nature  of  wove  reflections  ot  neor  glancing  angles  of  incidence,  it 
Is  net  possible  to  assign  o  constant  value  to  the  Impedance  of  the  entire  composite  boundory. 
A  layered  medio  representation  becomes  necessary  In  this  cose.  It  Is  required  to  specify 
both  the  acoustic  impedance  end  the  wove  transmission  constant  of  the  porous  transition 
layer,  A  new  onolysis  Is  therefore  required  for  estimating  the  magnitude  ond  characteristics 
of  the  ground  ottenuotion  of  such  e  layered  boundory. 

In  addition  to  the  onolysis,  on  experimental  study  has  also  been  undertaken  to  determine 
the  attenuation  characteristics  of  o  layered  boundary.  The  results  of  the  experiment  ora 
Intended  for  the  verification  of  the  theory  os  welt  os  for  obtaining  o  separate  view  of  the 
problem  from  on  independent  epprooch.  The  experiment  wot  performed  under  laboratory 
conditions  such  thot  the  ground  ottongotion  effect  con  bo  studied  without  the  uncertainty  of 
other  complicotions  such  os  wind  refroction  end  turbulent  tcottering.  Overall,  the  present 
study  hot  found  significant  departure  in  several  aspects  of  the  ottenuotion  characteristics  of 
a  layered  medio  from  those  of  o  simple  boundary.  Thus,  one  moy  find  the  results  useful  in 
deoling  with  o  verity  of  practical  problems  where  o  layered  representation  of  the  boundory  is 
warranted. 

I.  FORMULATION  AND  ANALYSIS 

The  geametricol  configuration  far  wav#  propagation  over  o  loyered  boundory  is  shown  in 
Figure  ! .  In  this  figure,  the  top  sum! -infinite  loyer  is  assumed  to  be  oir,  which  has  a  density 
of  p'  ,  speed  of  sound  c^  ,  ond  acoustic  impedonce  of  .  The  middle  layer  is  assumed 
to  be  o  porous  motoriol.  Its  density  ond  speed  of  sound  are  in  general  complex  quantities. 

In  other  words,  it  hot  o  complex  acoustic  impedonce  such  thot  a  plone  wove  transmitted  from 
the  oir  into  this  loyer  will  be  refracted  into  the  layer  with  o  phase  shift,  ond  will  be 
attenuated  ot  it  propogotot  through  this  motoriol .  A  third  medium  which  represents  the 
ground,  occupies  the  fewer  holf  spoce.  For  the  simplicity  of  onolysis,  o  constant  normol 
impedance  is  prescribed  ot  the  interface  between  the  middle  loyer  ond  the  semi-infinite 
ground.  Also  shown  in  Figure  I  is  o  schemotic  of  wove  propogofion  paths  through  which 
the  sound  from  a  point  source  con  reach  on  arbitrary  point  in  the  half  spoce  above  the 
layered  boundary.  The  interference  of  the  waves  through  these  paths  is  responsible  for 
the  boundary  ottenuotion  effect. 

As  pointed  out  in  previous  studies,  the  simple  ray  ocoustics  opprooch  con  not  oc count 
for  the  observed  ground  ottenuotion  phenomenon,  end  o  more  rigorous  mothemoticol  onolysis 
mult  be  followed.  In  the  present  study,  the  opprooch  of  Ingord  *,  together  with  coordinate 
systems  ond  symbols  in  that  poper,  has  been  adapted.  The  coord  I  not*  systems  ore  shown  in 
Figure  2. 

A  spherical  wavefront  which  originates  from  o  point  source  con  be  represented  os  on 
integral  of  its  plane  wove  elements 


0  0 


In  the  above  integral,  the  vector  (1^,1^,^)  identifies  the  wovtnumber  of  o  pfene 
wove  element,  end  h  denotes  the  height  of  the  sound  source  above  the  tap  of  the  fey e rad 
boundary.  The  reflection  nf  the  primary  wove  ot  o  boundory  con  evidently  be  represented 
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where  R  0)  it  the  plone -wave  reflection  coefficient.  The  reflection  coefficient 
ft  ($,  0 )  St  o  function  of  4  ond  6  . 

It  it  more  convenient  for  the  purpose  of  integration  to  write  Equation  |2|  in  a  new 
tpheticol  coordinate  system  v  here  the  principal  direction  of  the  reflected  ray  it  chosen  at 
the  reference  exit  3  .  The  new  ongg Jar  variable*  are  defined  ot  C*  ond  q.  Equation  (2) 
can  now  be  represented  ot 


R(0)  ■  (cosB  -tfeos0  )  /  <c«0*0  c<*0  ) 


4^  cot  0  cot  6  (  cot  0  -3  1$  /((cot  0  «  d  cot  0  )3  ( cot  0  ♦  0  )}  (7) 

I  I  I  7  /  \  II  I  3  t 


^  *  exp  (  2  ih  (n*  -  I  ♦  cot3  0)^1 


t  0^  «  n"1  (  n3  -  I  *-  cot3  0  J  *  , 


,  ■  \  f2*  Hr*  l®  »kf 

f>r9[7n)l  d'*'l  9  7  ft(^/T)  tin  rjdr 


An  integral  of  thit  form  can  be  evaluated  by  v%’*5  the  method  of  tteepett  descent*  in  thj 
acomtic  far  field  where  the  value  of  hr  it  large  compored  to  unity.  Along  the  potht  o? 
tteepett  descent  in  the  complex  n-plone,  a  new  voriable  con  be  define  J  such  that 


where  3  it  the  specific  admittance  ratio  of  the  middle  layer  with  respect  to  air,  3  it 

1  3 

the  specific  admittance  ratio  ot  the  interface  of  the  middle  layer  and  the  ground,  ond  6^ 
is  ri>e  refraction  angle  in  the  middle  layer.  The  function  $  accounts  for  the  phote  difference 
between  the  two  reflected  wove  components.  This  phote  shift  it  caused  by  path  difference 
and  the  wove  transmission  characteristics  of  the  middle  layer* 

The  inttontoneovs  value  of  sound  pressure  in  the  for  field  con  now  be  determined  ot 


cot n  ■  I  ♦  It 


1  (  *  ik(r  -r  ) 

p  -  “v—  I 1  •  r e  1  x 


where  t  it  r-ol  and  positive. 


The  reflected  wave  can  be  then  written  os 


!W,  pY  +.-i  !k'. 

pf  «  Spj—  (k^l  j  J  «  1  R(lM)dld<>. 


which  has  the  form  of  a  wove  originating  from  on  "Imoge  source",  located  ot  a  distance  h 
below  the  top  of  the  layered  boundary,  with  a  votioble  strength  O. 

For  an  arbitrarily  given  function  of  ft  {0,  0  ),  Equation  (5)  con  only  be  integrated 
oppra*Im«»el/.  A  first  otymptotic  approximation  has  been  given  by  Orekhovskikh 13  ot 

»,  •  V1  |R<>,> *  nr r  (t  V ro*',V)  j  w 


where  r  *  co»0 

»  ^ 

ft*  ond  ft* ore  the  first  and  second  derivdtet  of  ft  with  respect  to  r  *  cot  0 .  Eq>*fiot(61 
serves  at  a  ttarting  point  for  the  pretent  analytical  Investigation  Into  ground  attenuation 
owing  to  layered  medio. 

It  remains  here  to  determine  the  plone-wove  refraction  coefficient  ft(0)  for  o  boundary 
with  a  layered  configuration.  The  overall  reflection  coefficient  occounts  for  ti.e  wove 
reflection  ot  the  top  of  the  middle  layer,  at  well  o:  the  wove  which  It  rronsmirtv  d  into  tie 
middle  layer*  reflected  by  the  ground,  ond  returned  into  the  air,  (figure  3).  Hence,  the 
overall  reflection  coefficient  of  the  layered  bosmdory  eon  be  given 


The  derivatives  of  R( 8)  with  respect  to  cot  0  con  be  obtained  from  Equation  (7). 

By  substituting  the  known  expressions  for  R  (0  ),  R\  ond  R*  into  Equotlon  16),  on  explicit 
expression  con  be  obtoined  for  the  refected  wave.  Hie  attenuation  of  sound  neof  the 
layered  boundary  con  now  be  obtained  by  simply  adding  the  incident  ond  the  reflected  sound 
pressure  fields. 

The  algebraic  expressions  involved  in  the  computation  of  the  sound  pressure  field  in  the 
upper  hotf  spoce  is  ttrolghtforwotd,  hut  relatively  bulky.  Therefore,  the  results  have  been 
programmed  for  calculation  using  o  digital  computer.  The  asymptotic  opproximote  solution 
Is  very  accurate  for  computations  of  sound  pressure  levels  in  the  for  field,  points 
which  ore  more  than  o  few  wavelengths  owoy  from  the  sound  source.  For  the  study  of  ground 
ottenun*:on  effects,  this  is  o  procticolly  Insignificont  restriction.  In  the  computing  program, 

j 

oil  of  the  geometrical  and  ocoutticol  parameters  con  be  varied  independently.  In  particular, 
the  specific  admittance  ratios  ,  3 ^  ond  the  refract* on  index  n  ,  ore  assumed  to  be  complex 

numbers.  Some  computations  hove  been  mode  for  the  limiting  coset  where  the  thickness  of 
the  middle  loyer  approaches  s«ro  ond  the  results  ogree  very  well  with  those  given  by  Ingord  2. 

II.  EXPERIMENTS 

The  measurements  of  sound  attenuation  over  o  layered  boundary  were  mode  on  o  20  ft 
by  8  ft  plywood  plot*  >rm.  |r  serves  as  on  ideallied  hord  ground  surface  with  very  high 
acoustic  Impedance.  A  layer  of  porous  material  of  uniform  thickness  is  placed  on  top  of  this 
platform.  The  consirurtion  of  the  platform,  the  layout  of  the  porous  maferlol,  end  the 
set-up  of  instrumentations,  ore  relatively  straightforward.  The  longest  range  distance  ovoll- 
oble  on  this  platform  is  200  inches,  ond  the  thickness  of  the  porous  layer  varies  from  2  to  6 
inches  in  the  various  cose*  •  The  chosen  sound  source  it  on  ocmntic  transduce r  with  a  V4  in. 
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diemeter  limit  epeiwlng .  Q»4itf  Inch  Irml  ond  Kjoor  microphones  oro  mounts 
•t  tlx  locations  on  tho  top  ond  obovo  tho  loyor  of  porous  material  to  mmm  tho  low'd 
pressure  tevek  in  the  for  field. 

The  entire  tost  set-up  wot  placed  In  «  fro#  Hold  environment  since  o  forge  onochoic 
chamber  wot  not  available.  Hewever,  the  (too  Hold  orrongement  wot  quite  Mtli  foe  lory 
tlnco  the  ambient  noise  lovol  wot  befo«  45  dl,  ond  wind  and  turbulence  in  the  tott  oroo 
woto  virtually  non-existent.  TKo  date  wot  cocected  for  molecular  absorption  in  oir  and. 

In  most  coses,  this  correction  wot  vary  moll  ond  negligible. 

From  experience  gained  through  preliminary  tests,  it  wot  found  tKot  wovot  propagating 
at  noar  glancing  anglot  of  Incidanco  can  ponotroto  through  a  porout  loyor  and  ro  omorga 
from  it  only  if  tha  loyor  it  oxtromoly  porout.  Uyort  compottd  of  othor  types  of  ecevstic 
imtoriolt  with  highor  dontitiot  may  bohovo  like  tomi-infinito  loyon.  Hence,  tha  choice 
of  loyor  material  for  thit  tatt  bocomot  a  particularly  intorotting  talk,  losicelly,  tha  suit- 
ablo  motor ial  should  bo  oxtromoly  porout  and  yot  have  a  1  table  and  uniform  structure  tuch 
that  ropoa table  data  cen  be  obtained  with  accuracy.  TKo  meteriek  choton  for  thit  oxpari- 
mont  oro  littod  bo  low: 

(1)  Rubberized  Hortohoir  Moferlel  —  Thit  ft  a  mo  trie  typo  of  motor?)!  com  pot  od  of  rubbor- 
izod  tynthotic  fibon.  Tha  density  it  1 .36  lt/ft* .  Thoottimotod  void  to  valumo  ratio 
it  97.8%.  Avar  ago  fibor  diometen  oro  approximately  0.004  -  O.Ot  inch.  Tht 
overage  dittonc#  botwoon  two  nonintertecting  fibort  it  approaimotoly  0.005  —0.15 
inch.  However,  lor  go  cloor  openning*  of  1/2  inch  In  diameter  ond  dopth  oro  not 
uncommon .  Thit  motoriol  ?*  originally  intondod  for  packaging  of  oloctronic  inttrumon- 
lotion.  It  it  commorc'ally  avoiloblo  in  thoott  of  2-inch  thickness . 

(2)  Glow  Fibor  Air  Filtor  —  Thit  it  tho  motoriol  commonly  mod  of  air  filters  in  hooting 
ondoir-conditionii>9  unitt.  It  it  composed  of  long,  stiff,  ond  unbonded  glott  fibort. 

Tho  size  of  th#  RLort  it  fairly  uniform  with  o  nominal  diameter  of  0.002  inch.  Tho 
ovoro9*  dittonc#  botwoon  porotla!  fibort  it  approximately  0.05  inch.  Tho  density  of 
thit  motoriol  ft  0.52 1  I/ft  ,  ond  tho  void  to  volume  ratio  it  opproximotaly  99.7%, 

Thit  motoriol  it  commercially  avoiloblo  In  roll*  of  1-Jnch  thicknott  ond  up  to  36  inchot 
in  width, 

(3)  Fiborglot  bott  —  A  4-inch  thick  Fiborglot  bott  wot  olio  choton.  In  tpi to  of  Itt  oxtromo¬ 
ly  low  dontlty  )f  0.29  It/fl,  It  hot  on  ocouttlc  Impodonco  comporoblo  to  tho  obovo 
two  motoriok.  Moreover,  tho  absorption  foe  tor  for  sound  propagation  in  thit  motoriol 

it  tolotivoly  high. 

Tho  ocouttlc  impodonco  of  that#  motoriok  hat  boon  mooturtd  in  on  impodonco  tuba  "  • 

Duo  to  tha  low  dontitiot  of  thoto  motoriok,  tho  combined  normal  impodonco  of  tho  sample 
ond  tho  rigid  ond  ploto  of  th#  tub#  hot  actually  boon  mooturod.  It  wot  found  that  tho 
ocouttlc  impodonco  characteristics  of  tho  fin!  two  motoriok  or#  opproximotaly  equol.  Tho 
mooturod  impodonco  valuot  oro  frequency  dependant.  For  frequencies  obovo  1000  Hz, 
howovor,  tho  Impedence  roochot  a  com  ton  t  limiting  voluo.  Attomptt  hove  boon  mod*  to 
determine  the  oc outlie  impodonco  of  the  sample  itself  by  decoupling  the  effects  due  to  the 
solid  backing .  Some  analysis  indicates  that  the  specific  omittance  ratio  of  the  first  two 
motoriok  with  respect  to  oir  It  botwoon  0.5  to  0.7.  In  rho  third  motoriol,  the  damping 
factor  for  wove  transmission  through  this  material  It  relatively  high.  Hence,  the  effect  of 
the  solid  backing  is  much  less  prominent.  The  meowed  specific  admittance  ratio  of  the 
Fiberylos  batt  is  approximately  0.6. 
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Tho  refraction  indicat  of  those  meteriek  hovo  not  boon  measured.  According  to  tho 
data  given  in  lerarwk  mo  to  riels  In  o  similar  density  range  usually  hove  o  refraction 

index  botwoon  1.10  ond  1.25  at  frequencies  above  1000  Hz. 

A  total  of  twenty  toft  of  mowunmi nt»  wore  mode  for  various  combinations  of  motoriok, 
layer  thickness,  ond  tound  source  height.  In  each  set,  microphone  readings  wore  token  at 
tlft  locations  in  tho  for  field  aver  e  frequency  range  of  1  K  Hz  to  20K  Hz.  Tho  scaling 
factor  of  this  laboratory  experimental  set-up  with  respect  to  various  practical  field  conditions 
ranges  opproximotaly  from  1/10  to  1/100.  Therefore,  the  totted  sound  frequencies  would 
correspond  to  a  frequency  range  of  10  Hz  to  2000  Hz  in  tho  field.  Out  of  those  tests,  a 
significant  range  of  noneellsod  conditions  for  sound  attenuation  ever  layered  medio  has  been 
encompassed.  Since  tho  tests  are  performed  In  lanes  of  dose  re  to  frequencies  ond  the  micro¬ 
phone  readings  ore  recorded  directly  on  a  lovol  recorder,  tho  dote  reduction  procedure  woo 
relatively  simple. 

III.  DISCUSSION  OF  RESULTS 

ty  using  Equation  (I),  o  series  of  case  studios  hovo  been  calculated  to  investigate  the 
dependence  of  sound  attenuation  on  various  geometrical  ond  oc  oust  leal  parameters.  In  this 
study,  tho  principal  geometrical  quantities  ora  the  wavelength,  the  middle  layer  thickness, 
ond  the  height  of  sound  source  obovo  tho  top  of  the  middle  layer.  For  calculations  of  sound 
pressure  levels  in  the  for  field,  the  wavelength  Is  chosen  to  normolize  the  coordinates,  while 
in  studies  of  sound  absorption  spectrum,  the  layer  thickness  is  chosen  os  the  reference  length 
to  normalize  the  frequencies.  Among  the  three  ocousticel  parameters,  3(  ond  n  ore  more 
important;  3^  is  usually  much  smaller  than  unity,  ond  it  has  only  \ocon6ory  influence  on 
the  overall  results.  For  a  highly  porous  middle  layer,  -3j  is  generally  in  the  neighborhood 
of  unity.  The  refraction  index,  n  ,  Is  oho  close  to  on#  for  isotropic  porous  moteriols 
with  low  densities.  However,  a  porous  material  with  special  structure  moy  hove  o  very 
large  refraction  index. 

Sound  o’tenuotion  aver  a  layered  boundary  is  found  to  depend  on  the  layer  thickness. 

A  typical  cast  is  shown  in  Figtne  4.  Tha  sound  pressure  level  contours  in  the  for  field  for 
a  sound  source  located  ot  the  top  of  the  boundary  hove  been  computed  for  two  different 
layer  thicknesses.  A  general  redistribution  of  sound  con  be  seen  in  this  figure.  Of  particu¬ 
lar  significance  is  the  ottanuotion  pattern  neor  the  boundary.  Oh  the  boundary  itself,  the 
attenuation  ot  or*y  point  can  differ  by_ about  5  di  from  one  case  to  onother.  The  difference 
in  sound  pressure  level  decreases  gradually  as  one  moves  away  from  the  boundary.  At  line 
AA,  the  difference  vanishes.  In  the  wedge  shaped  region  between  the  boundary  ond  line  i 

AA,  the  difference  in  sound  pressure  level  ot  different  foyer  thicknesses  prevails  even  if  the 
sound  source  is  located  high  above  the  boundary.  However,  the  point  of  maximum  difference 
in  such  coses  will  be  located  somewhere  between  the  boundory  and  the  line  AA,  Figixo  4 
thaws  olio  shot  tha  sound  pressure  gradient  near  the  boundory  Is  very  steep. 

Calculations  have  also  boon  mode  to  investigate  the  dependence  of  sound  otrenuotion  on 
frequency  and  individual  acoustic  parameters.  For  simplicity,  tho  foyer  thickness,  the  source 
height,  and  3^ ,  ore  cssiened  to  be  constant.  The  source  height  Is  assumed  to  be  one  foyer 
thickness  above  the  boundery.  Sound  pressure  levels  in  the  for  field  ere  computed  for  given 
Frequencies  and  various  values  of  5  and  n.  It  wes  found  In  these  calculations  that,  for 
a  given  pair  of  values  for  3(  and  n  ,  the  attenuation  of  sound  at  the  boundary  itself  remains 
more  or  lass  constant  for  all  frequencies.  -  How  over,  ot  a  slight  distance  above  the  boundory, 
a  significant  band  absorption  pattern  emerges  due  to  the  variation  of  th#  sound  pressure 
gradient  for  different  frequencies. 
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At  this  point,  a  subtle  descrepency  between  the  onetysis  ond  pcocticol  ground  ottanu- 
otion  consideration  become*  epporent.  In  the  analysis,  the  ocoustic  medio  In  all  foyers 
are  assumed  to  bo  perfectly  homogeneous  ond  stationery,  and  the  boundaries  or#  perfectly 
flat  surfaces.  A  sound  pressure  gradient  can  alwoys  bo  maintained  oven  though  it 
may  bo  extremely  largo.  However,  in  laboratory  or  Held  measurement!,  slight  perturba¬ 
tion*  in  the  speed  of  sound  or  material  non-uniformity  will  exist.  Odder  such  conditions, 
the  ocfual  sound  pressure  level  contour  will  not  be  as  sharp  os  predicted  by  the  anolytfs. 

One  con  only  measure  the  average  sound  attenuation  value  over  a  portion  of  this  computed 
steep  sound  pressure  gradient.  Hence,  in  subsequent  discussions  of  attenuation  spectra, 
the  value  of  sound  attenuation  due  to  boundary  effect  is  taken  by  averaging  over  a  distance 
of  0.1 0  of  the  layer  thickness  immediately  obove  the  boundary.  The  0.10  thickness  value 
is  set  arbitrarily.  However,  it  is  portially  related  to  the  fact  that  most  of  the  experiments 
were  made  with  layers  of  4"  to  6"  thick,  ond  the  microphones  used  in  these  measurements 
were  l/2-inch  diometer,  which  is  approximately  1/10  of  the  layer  thickness.  The  pressure 
lignol  sensed  by  the  microphone  is,  therefore,  on  overage  value. 

The  dependence  of  the  sound  attenuation  spectrum  on  the  refraction  index  is  shown  in 
Figures  4  and  5.  The  specific  admittance  ratios  ore  held  constant,  in  these  figures, 
the  wovelenqths  are  normalised  with  respect  to  the  constant  loyef  thickness.  The  sound 
attenuation  due  to  the  boundory  effect  is  if  ,wn  in  decibels  for  a  point  50  layer  li.icknettes 
oway  from  the  sound  source.  In  Figure  5,  three  curves  with  smoll  values  of  the  refraction 
index,  n  ,  ore  shown.  The  attenuation  spectrum  shows  clearly  a  peak  in  the  low  frequency 
range.  The  locotioo  of  this  peak  depends  on  the  value  of  the  refraction  index.  For  o  foyer 
of  20  ft  thickness,  these  absorption  peeks  will  correspond  to  frequencies  between  50  Hz  - 
200  He.  The  dosh  vertical  line  indicates  the  expected obsorption  peak  locotioo  if  the 
middle  porous  foyer  were  removed  such  that  only  the  high  impedance  bore  greund  wtr*  left. 

For  values  of  n  between  1. 20 ond  2.0,  the  ottanootlon  peak  oscillates  in  the  low  frequency 
range  (kh  <  40).  However, -_the  overall  oltenuotion  spectrum  shows  a  definite  shift  towards 
lower  frequencies  os  n  increases.  In  some  coses,  there  is  more  than  one  peak.  In  the 
limiting  case  of  o  foyer  withb  very  large  complex  refraction  index,  i.e.,  n.»2,  the  loyered 
boundary  is  effectively  equivalent  to  a  simple  boundary  with  a  normal  impedance.  The  atten¬ 
tion  spectrum,  which  is  on  overage  value  over  a  short  distance  near  the  boundary,  decreases 
monotonleolly  with  frequency.  The  computed  ottenuation  spectra  for  n  y>  2  ,  ond  for 
n  ■  2,  are  shown  in  Figure  6.  The  attenuation  spectrum  far  n  »  2  shows  a  higher 
level  of  sound  attenuation  than  oil  computed  spectra  ot  other  values  of  n . 

For  a  fixed  value  of  refraction  index  near  unity,  the  voriotion  of  on  ottenuation 
spectrum  with  rnspect  to  3^  is  quite  simple.  A  typical  set  of  curves  is  shown  in  Figure 
7.  The  magnitude  of  ottenuation  increases  with  the  specific  admittance  ratio  whilo  the 
otfenuafion  peak  remains  in  approximate  1/  the  some  locotioo. 

The  experimental  data  obtained  in  this  study  hove  been  reduced  ond  normalized,  fht 
general  characteristics  of  ground  ottanuotfon,  such  os  the  existence  of  a  steep  sound  pressure 
gradient  immediately  obove  the  boundary,  and  thot  the  ground  ottenuation  increases  by  6  d&  per 
doubling  the  distance  from  the  sound  source,  have  been  cleorl/  confirmed.  The  experimental 
data  was  found  to  be  repeotable  within  a  bond  of  about  2  d).  The  classical  law  of  reciprocity, 
which  implies  that  the  value  of  sound  attenuation  remains  unchanged  if  the  positions  of  the 
sound  source  and  the  microphones  ore  exchanged,  wos  found  to  hold  in  this  experiment. 
Although  it  hod  nothing  to  do  with  the  objective  of  this  s tudy,  it  was  o  convenient  reference 
for  site  veriflnjtfon  of  occuracy. 


A  few  unique  properties  of  sound  attenuation  over  a  loyered  media  are  also  bom  out 
by  this  experiment.  A  comparison  of  the  experimental  ond  theoretical  attenuation  spectra 
is  shown  in  Figure  0.  Three  sets  of  ottenuotion  measurements  with  ;fmitor  normalized  geomet¬ 
rical  configuration,  but  with  different  materials  end  layer  thicknesses  are  shown  on  this 
figure.  The  agreements  of  the  magnitude  of  sound  attenuation  end  the  location  of  tha  peak 
ore  very  close.  Although  the  ocoustic  parameters  used  for  the  theoretical  curve  is  probably 
not  the  exoct  value  for  the  ocoustic  materials  used  in  tha  experiment,  the  prediction, 
nevertheless,  shows  the  correct  trend  end  order  of  magnitude. 

ly  comparing  the  onolyticol  curve  with  the  data,  one  findk  that  tha  data  Is  significant¬ 
ly  below  the  prediction  >n  the  high  frequency  range.  It  It  probably  become  the  wove 
reflections  become  randomized  such  thot  the  ground  Interference  effect  becomes  ineffective. 

It  is  interesting  to  note  that  the  meosured  obsorption  peok  frequency  is  signiRcontly  below 
the  expected  "bar#  ground"  interference  peok,  which  is  computed  by  using  ray  acoustics  ond 
is  indicated  by  the  dash  line.  This  Is  particularly  significant  since  the  layered  materials 
used  in  the  experiment  hove  a  void  to  volume  ratio  of  well  over  97  percent,  ond  forge  surface 
openings.  Intuitively,  one  might  think  thot  such  materials  should  have  little  effect  on 
ground  obsorption. 

Some  onormolies  of  the  dependence  of  sound  ottenuotion  versus  distance  hove  been 
meosured.  In  Figure  9,  e  voriotion  of  ground  obsorption  versus  distance  is  shown.  The  values 
were  obtained  from  the  experiments.  For  the  low  density  ground  materials  thot  were  used, 
ond  for  ground  attenuation  in  distances  of  less  than  50  wavelengths  (k  x  <  300),  the  ground 
obsorption  ond  rote  of  increment  is  smaller  then  the  classical  predictions.  The  d  d#  per 
doubling  distance  rate  is  observed  for  distances  beyond  50  wavelengths.  In  some  sets  of  doto, 
IV.  SUMMARY  AND  CONCLUSIONS 

Several  important  characteristics  of  sound  attenuation,  which  are  unique  to  a  layered 
boundary,  hove  been  found  through  this  onolyticol  ond  experimental  stujy; 

1 .  Selective  sound  ottenuction  in  a  certain  frequency  bond  has  been  predicted  ond 
observed  for  a  layered  boundory  with  constant  (frequency  independent)  ocoustic 
properties.  Such  on  effect  hot  not  been  considered  in  previous  investigations  in 
the  literature. 

2.  A  foyer  of  extremely  porous  (notarial  con  still  offer  significant  attenuation  to  sound 
propogoting  ot  neor  glancing  ongles  of  Incidence. 

3.  For  an  extremely  porous  foyer,  the  wnd  ottenuation  in  the  near  field  of  the  sound 
source  is  utuolly  very  fow.  Pressure  doubling  may  occur  due  to  the  reflected  wove 
from  the  hord  ground  surface.  However,  the  ottenuotion  ot  distances  sufficiently  for 
away  from  the  source  will  be  dominated  by  the  acoustic  properties  of  the  loyered 
motarfol,  ond  significant  ottervation  levels  ore  observed. 

pressure  doubling  hos  olso  been  detected  in  the  neor  field  ot  the  lower  frequencies. 

It  wos  found  olso  In  tha  onolysis  ond  the  experiment  that  the  magnitude  of  ground 
attenuation  depends  ciitically  on  the  height  of  the  sound  source.  Figure  10  shews  the 
dependence  of  sound  ottenuation  on  the  apparent  elevation  ongfo  of  the  sound  source  os 
observed  from  a  point  in  the  fa)  Retd.  The  data  points  ore  obtained  in  the  experiment. 

If  the  sound  source  is  ot  more  thon  8  degrees  above  the  horizontal,  the  boundary  attenge- 
Ifon  drops  below  5  dB.  In  mony  practical  situations  where  noise  control  is  of  primory 
concern,  the  ground  ottenuotion  ot  forge  efovotfon  eng  lei  becomes  Insignificant.  An 
onolyticol  computation,  showing  the  effect  of  source  height  on  the  for  fie  In  sound  pressure 
level  poitam,  is  given  In  Figure  If. 
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Th*  analytical  f«ul*i  obtained  In  this  study  Mam  to  pallet  the  cor  fact  trends  and 
magnihnfo  of  sound  attenuation  ovar  a  layer  ad  madia,  on can  probably  bo  used  as  a 
bosis  for  the  davalopmant  of  practical  ground  attenuation  pradTetion  technique*  for 
situations  where  o  layered  boundary  description  It  warranted.  Of  course,  a  substantial 
oeount  of  work  hos  yet  to  be  dona. 
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figure  1 .  Reflection  of  a  f  lane  Wave  from  layered  Medio  at  NeomGloneJng  Incidence  Angles 
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Figure  2.  Coordinate  Systems  Employed  by  Ingord  in  his  Theoretical  Treatment 
of  Ground  Attenuotion  (Reference  2) 


Figure  3*  Reflections  ef  o  Plone  Wove  from  o  layered  Boundary 


Figure  4.  Ground  Attenuation  Directivity  Pattern  for  two  Different  Ground  Cover 
Thicknesses .  The  foyer  thickness  for  -  *  0.5  wovtlenr.th,  end  the 

layer  thickness  for ---.-is  0.25  wove  length.  The  sound  source  »s  located 
at  on#  wavelength  above  the  boundery. 
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kh  -  Normalised  ff+Aficy 


f ;our*  5.  Ground  Attenuotion  Spectrum  n  o  function  of  the  Aefroctlon  Index*  The 

,ound  source  height  equals  thr  loyer  thickness,  h.  Sound  attenuotion  values 
or*  computed  for  a  point  50h  away  from  the  sound  source.  The  loc*^ 
absorption  peak  for  herd  ground  without  cover  it  indicated  by  a  deshed  bo*. 


lot  -  Nemwlited  Distance  in  UprllMc  Seal* 

Figure  9,  Ground  Attenuation  at  a  Function  of  Dittanca.  Data  ora  obtained 
far  four  types  of  layer  materials:  O  F«  berg  Jest  filter  at  d-fn. 
thickness;  A  fiberglass  filter  ot  4-in.  thickness;  □  horsehair  at 
4-in.  thickness;  and  O  horsehair  at  2-in.  thicknest. 


kh  -  Normalised  frequency 


Figure  If.  Attenuation  Patterns  neor  the  Ground  for  Various  Source  Heights, 
The  acoustic  parameters  for  the  ioyertd  bounder/  ere  *  1 .20, 
,•?  *  0.50,  end  n  ■  1 .50. 

» 
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AISTRACT 

•y  nwl^  air  U  myi 4  o I  four  fur.,  It«.,  nitrogen,  oxygen,  wotec  vapor,  and 
curWn  dtaxide,  end  applying  entry y  transfer  rates  for  the  binary  collisions  inheren r  in  such  a 
system,  absorption  of  sound  fn  the  oPxosphora  km  man  predicted.  The  calculated  curvet  bom 
upon  twenty-four  energy  tmibr  mdoolwi  era  compered  with  experimental  data  over  the 
InrttMty  range  of  0-100%  rotative  humidity.  Agreement  UNnw  llimy  mi  experiment  h 
vary  |m4.  ly  including  clerical  absorption  ond  rauNml  relaxation  effects  the  fetal  atmos¬ 
pheric  absorption  is  oka  predicted  at  20*  C.  Calculations  mode  ft  various  ceneentratiora  of 
COj  Indicate  (Ho*  low  CO^  levels  (Urn  than  0.1%)  do  not  significantly  effect  absorption  of 
audible  toof  ot  high  humidities.  At  vety  low  humisKtiae,  however,  CO^  It  on  Important 
factor. 

I.  INTRODUCTION 

A  Wile  cWracteristic  of  sound  propagation  H  iW  attenuation  with  distant#  Am  to 
various  irreversible  processes  which  remove  energ  y  from  on  acoustic  wovo  end  convert  It  to 
boot.  hedktion  of sound  proposition  in  oir  over  tang  dUtancet  hoi  become  a  matter  of 
increasing  procticol  significance  in  several  areas  Including: 

•  Prediction  of  community  noiio  tovels  oround  airports 

•  Analysis  or  acoustic  detection  of  tactical  equipment  or  aircraft 

•  E mw lotion  of  vary  low  frequency  sound  in  ibo  srtmesphere  generated 
by  roc  tat  anginas  or  from  nature  I  sources  such  os  tidal  motion, 
earthquakes,  wind  storms,  ate . 

a  Investigation  of  tbo  vortical  propagation  of  Sonic  Atturbancoi  bom 
tlfnolinf  granodos  or  tonic  boomi. 

Where  it  Is  nocomory  to  ovotuoto  sound  propagation  ovar  o  substantial  number  of  wave¬ 
lengths*  the  absorption  of  sound  by  tbo  otmosplwro  must  W  considered,  Propagation  character¬ 
istics  are  dependent  upon  (a)  atmospheric  conditions,  (b)  tbo  position  of  tbo  source  relative 
to  tbo  ground,  and  (c)  tbo  rarraif/vegetation  features  adjacent  to  tbo  sound  potb.  The  above 
listed  factors  which  effect  tbo  intensity  of  tbo  sound  arriving  at  tbo  obiorvor  con  W  c tonified 
os  follows: 


Spreading  Lasses 

o  Ubifonn  spboricol  spreading  (Inverse  Sguoro  low)  losses 

O  Non-uniform  Spreading 


—  reflection  by  finite  boundaries 

—  refraction  by  non-uniform  atmosphere 

—  diffraction  (scattering)  by  non-stationery  atmosphere 

*  Tbo  moteriol  In  this  paper  has  been  presented  in  port  at  Ibo  Helicopter  Noise  SympmJum, 
Durham,  North  Carolina,  September  21-30,  If  71  and  ot  tbo  12nd  mooting  of  the  Acoustical 
Society  of  America,  Denver,  Colorado,  October  1t72. 


Absorption  lames 

•  Absorption  by  ground  and  ground  cover 

•  Absorption  by  etwe^bsre 

—  classical  absorption 

—  molecular  relaxation  absorption 

Of  those  sound  propagation  effects,  different  ones  may  W  the  controlling  feeler  for  different 
atmospheric  mstoere  logical  conditions  and  far  varying  .ource -receiver  piece  moot;  however, 
for  any  typo  of  condition  or  any  typo  of  sound  prspogotlon  potb,  tbo  absorption  duo  to  classical 
end  molecular  effects  ere  flood  fere  bemegeneeut  atmosphere  and  era  functions  only  of  the 
propagation  path  distance,  the  humidity  content,  gas  Impurities,  end  the  temperature,  lefore 
the  mere  variable  propagation  affects  con  W  accurately  assessed,  it  is  nee  si  lory,  therefore, 
to  establish  the  proper  values  for  these  fined  absorption  tosses, 

Af  sspheric  Absorption  Lassos 

Atmospheric  absorption  fosses  hove  two  basic  forms:  (t )  domical  losses  emodoted  with 
the  change  of  acoustical  energy  (or  kinetic  energy  of  molecules)  into  hoot  by  fundamental  got 
transport  properties,  and  (2)  for  polyatomic  pesos,  relaxation  lottos  omocioted  with  the  change 
of  kinetic  or  translational  energy  of  the  molecules  into  internal  energy  within  the  molecules 
themselves. 

The  clouicol  lassos  con  bo  further  tub-divided  into 

e  Viscous  Lassos  ■ 

j  Stokes- Kirchhoff  Um 
e  Heat  Conduction  losses  » 

e  Diffusion  Losses 

a  Radiation  Lomas 

Only  the  Stohos-Kifchhoff  tomes  era  considered  significant  far  air  under  normal  atmospheric 
conditfens.  Diffusion  tomes  contribute  only  about  0.3%  more  and  radiation  losses  ora  significont 
only  ot  vary  low  frequencies. 

Relaxation  absorption  losses  in  polyatomic  pesos  ora  known  to  hove  the  following  forms, 
e  Thermal  relaxation  between  translational  energy  end  vibrational  energy 
slates  of  the  molecules 

o  Thermal  re  taxation  botwoon  o  close  vibrational  resonance  of  two  different 

molecules 

o  Thermal  relaxation  botwoon  the  vibration  of  one  molecule  ond  the  rotation 
of  a  different  molecule 

o  Thermal  re  taxation  between  translational  onorgy  ond  rotational  energy 

stoles  of  the  molecules 

o  Electromagnetic  relocation  between  translational  onorgy  ond  allowable 
electronic  energy  states  of  the  molecule. 

As  far  os  Is  known,  electromagnetic  relaxation  is  significant  for  only  one  common  got,  nitric 
oxide,  NO,  ond  than,  only  at  vary  high  ultrasonic  frequencies*  • 

In  the  balance  of  this  paper,  a  basic  theoretical  technique  far  predicting  the  total 
atmospheric  absorption  tamos  Is  presented  along  with  supporting  experimental  data. 

II.  THEORETICAL  METHOD 

Investigations  ol  sound  absorption  mechanisms  in  air  hove  Wen  carried  out  by  many 
different  laboratories  sine#  the  pioneering  experimental  work  of  f  Jtlemaitr  *  »n  1 979  p»6  bos 
culminated  recently  in  the  work  of  Honis5,  Hem's  ond  Tempest*,  Monk*,  ond  Evans  and 
Sutherland* .  Tbo  theoretical  treatment  of  the  problem  has  lagged  somewhat  behind  the  expati- 
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maul  multi.  Kmuh'  1*33  tWatltal  traaiataflf  hm  l«»aly  baan  **i  to  nfh\i\  Aa 
-  ,  i 4tm’ .  Howmr,  It  hat  atarayt  baa*  'tca.Alxad  Aa*  Alt  Aawy  Ax*  no* 

,1  ,  .-  iln  i  f  dxc*l y- -*■*■-  SvAarfatW*  a*H  Matey*  haaathwm 

Act al  tfapuanclai  wall bakw  H>* atuktaiai aWp*lan  Hwilt*  d’ltinct (yilamatlc  davla- 
Han  from  ilngla  ralaaaHon  Aaaiy.  I*  !•  Ait  ana  Hot  Alt  papa*  at*an**i  la  clarify. 

In  Ait  papa*,  at*  It  ca**Wa*W  at  a  faur-pa*  .alxturt,  l.a.,  nllragan,  enyfan,  caAen 
dicMida  and  waif  vapor.  I y  apply!**  Aa  anaiyy  Iran* If  tatae  far  Aa  binary  calltatana 
InHfanl  In  ruch  a  tytlaai,  Hbaarptlon  el  round  In  Aa  .baetpba*.  It  pradlclad.  Tlia  ealaulalad 
cor  vat  ora  batad  upon  iwanly-faur  aaarpy  nantfar  mchantim  at  thown  In  Tab  lot  I  and  II. 

Tha  AaaraKral  pradlcllan  of  total  mind  aktorpMon  alto  rapulrat  tafeulaKon  of  Aa 
laaat  duo  la  clataical  affacn  and  raalacular  ralaaatlan.  Tha  clattlcal  obtorpllon  can  ba 


[4n*^.*,.dV] 


*  total  classical  obsorption 


*»  Jti  pressure 


■  found  frequency 

■  effective  specific  Hoot  ratio  of  the  90* 

■  found  velocity  at  1 ow  frequence 

■  viscceity  of  the  jos 

*  effective  specific  hoot  of  the  get  ot  content  pressure 
»  o  moleculor  diffusion  constant 


'*  ■  diffosion  coefficient  for  end  Nj  mixture 

p  *  get  demit/ 

K  *  thermo!  conductivity 

For  frequencies  let*  than  that  ot  which  rotational  relaxation  occur*  this  oxpressien  con  be 
evolueted  in  term*  of  the  viscosity  bored  on  measured  values  for  the  above  constants  '* 


For  frequencies  greeter  thon  that  at  which  rotational  relaxation  occur*  the  general  expression 
must  ba  used  and  the  effective  values  of  tha  frequency  dependent  tones  utilised 11 .  FqueMon 
f2)  was  utilised  to  calculate  classical  losses  in  this  study  with  y  token  as  It*  low  frequency 


The  absorption  Asa  to  thermal  relaxation  between  herwidtional  and  rotor  lone  I  energy 
•totes  of  the  molecules  wee  ce  leu  toted  assuming  that  the  rotational  relaxation  of  eoeh  molecule 
was  the  some  in  air  os  in  the  pure  got*  This  assumes  that  Airing  o  collision  with  unlike  mole¬ 
cules,  the  probability  of  transferring  rotational  energy  far  each  .molecule  is  independent  of  the 
collision  partner »  This  assumption,  of  course,  would  ba  very  poor  for  high  frequencies.  For 
the  frequencies  of  interest,  however,' o  change  by  o  factor  of  2  or  3  in  tha  rotational  relaxation 
time  for  ony  constituent  molecule  would  lead  to  very  little  change  In  the  total  absorption,  Tht 
effects  of  raia'ional  relaxation  were  Included  by  writing  the  effective  specific  heat  as  the  sum 
of  tha  contributions  from  the  translational,  (V2R),  vibrational,  ond  rotational  modes, 

1  A  <fr-3>  1 

(CV>  •  7  *  *  <CV> *  *  £  *j  "V“  T+T*t.  (3) 

effective  -:i— 1 


vibration 


whore  J  represents  tha  constituent  molecules  of  air,  1,0,,  COj,  H^O,  end  N^;  and 

Xj  *  concentration  of  molecule  j 

fj  ■  number  of  degrees  of  freedom  a*  molecule  j 

w  *2 it  times  tha  sound  frequency 

fj  K  rotational  relexetion  time  of  molecule  j 

n  ■  number  of  types  of  molecules  considered. 

For  purposes  of  this  Study,  only  COg,  N^,  ond  H^Owere  considered;  hemtver, 
the  method  Is  quite  general  provided  the  above  assumption  regarding  the  effects  of  unlike 
collisions  on  the  rotational  relaxation  times  is  valid. 

Tha  final  tone  to  ba  considered  includes  the  sound  loss  duo  to  the  thermal  relaxation 
between  translational  energy  and  vibrational  energy  states  (V-T),  between  vibration  of  one 
molecule  and  the  vibration  of  another  (V-V),  ond  between  the  vibration  of  one  molecule 
and  tha  rotation  of  tha  tern  or  Afferent  molecule  (V-R).  The  difference  between  (V-T)  and 
(V-R)  processes  is  only  Important  whan  calculating  energy  transfer  rates;  so,  hr  these 
calculations  both  pracemet  will  bo  considered  as  being  (V-T).  These  vibrational  relaxation 


processes  ore  the  dominant  c 


1  of  lost  ot  low  ocoustic  frequencies. 


The  sound  absorption  due  to  vibrational  relaxation  was  calculated  using  the  method  first 
advanced  by  Tonczos ,#  which  was  expended  to  0  two  component  system  by  ShiolA ond  lo ter 
expanded  by  Shields  end  lass 14  to  allow  for  three-for-one  (V-V)  exchange  between  colliding 
molecules.  The  only  Information  required  to  perform  such  calculation*  are  the  binory  *7 to 
constants  end  the  concentration  of  aoch  ges  present. 

Shields'  equations  for  expressing  the  ocou'tie  absorption  end  dispersion  os  o  function  of 
the  various  energy  treisfor  rotes  of  importance  were  used  os  o  storting  point  for  these  calcu¬ 
lations.  The  only  modifications  requirod  to  expand  the  method  to  o  four  component  system 
was  a  change  in  Fquetion  (A)  of  Reference  13.  The  modified  equations  become 

k  (I)  ■  V  x  MAF'  (|,0,A) 

IT)  * 

n 

-  J'  x.MAP?  (I,J,A) 

tb  ft  1  b 

where  the  terms  have  been  defined  in  Reference  13.  These  two  expressions  allow  the  effective 
vibrational  specific  heat  to  be  calculated  which  in  turn  con  bo  used  to  determine  the  absorption 
end  velocity  of  sound  using  Reforenco  13* 

A  total  of  24  energy  transfer  processes  were  considered.  The  rates  for  these  processes 
ere  given  in  Table  I.  Rotes  ere  labeled  os  MAP*  (I,  J,  A;.  The  letter  A~  indicates  the  type 
molecules  Involved  in  the  collision.  An  index  to  the  numbering  system  used  is  given  in 
Table  II.  MA  h  the  number  of  collisions  of  type  A  occurring  each  second  In  oir  ot  one 
atmosphere  of  pressure.  p£(l,J,A)  is  the  probability  that.  Airing  a  collision  between  the 
molecules  involved  in  type  A  collisions,  mode  I  of  one  molecule  will  lose  **0”  qsxtnto  of 
vibrationol  energy  while  mode  J ; of  the  seme  molecule  or  the  collision  pt’tner  gains  "b" 
quanto  of  energy.  The  modes  ore  numbered  os  follows: 

Mode  0  ■  translational  mode  of  any  molecule 

Mode  I  •  symmetric  stretching  made  of  CO^  (*(  ■  !3H  cm* 1  ) 

Mode  2  ■  bending  mode  of  CO^  (^  *  AA7  cm" * )  (doubly  degenerate) 

Mode  3  ■  asymmetric  stretching  made  of  C  Oj  (v}  »  234t  cm* 1 ) 

Made  4  •  vibrational  made  of  Nj  (v^  •  2331  cm* 1 ) 

Made  5  *  vibrational  made  of  Oj  (V}  «  1310  cm*1 ) 

Made  A  ■  bending  made  of  H^O  ■  15R3  cm*’ ) 
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For  exemplo  M2Pj  (4,0,2)  It  the  rate  for  the  (V-T)  prtCM 
Nj  ♦  COj  —  Nj  ♦  CQj 

end  M4P|  (4,5,4)  It  the  rate  for  the  (V-V)  process 

0^  ♦  NJ  -  OJ  ♦  N2 

whom  *  Indicates  e  vibratienelfy  excited  mode.  The  symmetric  and  or-  ,fc  stretch¬ 
ing  modes  of  MjO  woro  not  considered  line#  their  contributions  to  the  total  specific  hoot 
k  vo ry  smelt. 

A  i«thor  largo  number  of  ratos  hovo  boon  considered  since  ot  different  humidity  end 
freque* rcy  combi  not  I  ora  different  totos  ora  the  control  ling  mochonlsms  for  tho  sound  absorption. 

For  exemplo,  ot  high  huWdHiet  tho  offoct  of  COj  if  insignificant  In  concontrotiora  bole*  1000 
port*  per  million.  Hmvovor,  in  relatively  Ary  oir  tho  COj  content  connotf  »So  rolo notion 
frequency  of  tho  miKtura  of  shown  in  Figure  1  •  Tho  most  important  rat*  t  for  tho  thr.V  us  tho 
(V-T)  and  (V-V)  rot«  for  Oj/H.O  collioiora;  tho  (V-T)  rate  for  HjC/HjOcoJIiiiora;  ho 
(V-T)  end  (V-V)  ratos  for  Nj/HjO  coilitiora;  and  ot  low  humidil  «s  .'So  (V-T)c-d  *V-V1 
rates  for  Oj/CO^  intoractlora.  It  should  ho  recognized  that  any  of  too  of-ave  (V-T)  rates 
could  very  well  ho  the  result  of  o  (V-H)  process  followed  by  o  rapid  (X-T)  process. 

Although  only  tho  absorption  has  boon  discussed,  the  velocity  could  also  ho  calculated 
by  tho  some  method.  Tho  velocity,  however,  is  loss  sensitive  to  tho  presence  of  ra  tenet  ion. 

The  power  of  tho  theoretical  method  used  k  its  versatility.  The  seme  theoretical  method 
and  computer  program  cou.  4  ho  used  for  any  combination  of  gases.  The  effect  of  pal lu tents  on 
tho  frequency  dependence  ot  sound  absorption  end  tho  absorption  of  sound  in  alien  atmospheres 
could  readily  be  calculated  pa  tided  the  binary  collision  rates  were  known.  In  many  coses, 
these  rates  con  ho  found  in  the  literature.  These  not  available  in  the  literature  con  bo  matured 
in  controlled  laboratory  conditions  w’thout  being  concerned  with  ell  the  variables  inherent 
in  field  measurements.  The  temperature  dspendence  of  the  rale  notion  absorption  con  oho  be 
calculated  if  the  temperature  dependence  uf  the  individual  transition  rotes  ora  known. 

Additional  laboratory  measurement!  of  tho  teey  eretvra  dependence  of  the  ratos  important  in 
found  absorption  must  bo  mode  before  more  occur#-  '  theoretical  predictions  will  bo  possible. 

A  greet  deal  of  program  hef  boon  modo  towards  developing  theoretical  expression  far  energy 
transfer  rates.  Once  such  expressions  ore  developed,  calculations  of  sound  absorption  from 
molecular  constants  will  bo  passible.  This  orae  clearly  deserves. additional  attention, 

ill.  xcsmrs 

The  predicted  curves  ore  shown  in  Figures  2  through  5  along  with  available  experimental 
dote.  Of  the  three  sett  of  data,  Harris  end  Tempest’s  is  thought  to  be  the  most  occurs  to.  Agree¬ 
ment  between  theory  end  experiment  Is  very  good.  The  curves  end  do  to  hovo  boon  presented  in 

the  form,  w/m _ versus  i/i _ where  m  is  the  Intensity  attenuation  coefficient  and  m _ 

men  max  max 

is  its  valve  of  the  relaxation  frequency  f^,  ly  normalising  both  axes,  doto  for  tho  various 
different  humidities  con  bo  plotted  on  the  some  graph.  In  each  cose  the  experimental  data  has 
been  normalised  by  predicted  by  Monk’s  oxpramion  end  the  value  of  has  boon  com¬ 
puted  using  the  ftenck-Eimtein  relationship  for  the  specific  heat  of  the  oxygen  content.  An 
error  in  f^  will  move  a  date  point  along  a  45*  line;  on  error  in  will  chongo  tho  vertical 

positron  of  tho  data  point  on  tho  */m  scale  and  hence  both  parameters  affect  the  agreement 
max 

between  theory  end  expert  menf , 

Figura  4  depicts  the  predicted  curves  of  tVVi|VlgK  versus  i/p  where  h  Is  the  absorption  par 
wove  length.  It  is  readily  obvious  from  these  curves  that  sound  absorption  in  air  is  a  multiple 
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relaxation  process.  The  curves  hove  bean  normalized  by  the  major  peak  which  is  duo  to  tho 
vibrational  spoclflc  hoot  of  oxygon,  banco,  m  o  result  of  tho  nitrogen  relaxation  t/Pmwf  dees 
not  necessarily  equal  one.  The  miner  posh  Is  not  as  easily  explained*  It  is  primarily  due  to 
tho  nitrogen  content  of  air;  however,  its  position  in  frequency  is  primarily  a  function  of  tho 
water  vapor  content  ^ , 

Comparison  between  and  theory  os  t  function  of  humidity  is  shown  in  Figura  7 
along  with  Monk’s  curve*.  It  is  net  surprising  that  Monk's  results  ondthe  present  work  ora 
identical  ot  high  humidities  since  wo  hovo  token  tho  ratos  which  ora  important  of  high 
humidities  from  Monk’s  paper.  However,  there  Is  considerable  difference  ot  Imvor  humidities 
(Figure  1).  This  work  appro  echos  o  value  of  approximately  30  Hz  for  the  relaxation  frequency  ot 
zero  humtwity.  This  agrees  very  well  with  the  values  reported  by  Pfercy 14  which  were  extracted 
from  very  lev  temperature  air  data.  There  is  seme  uncertainty  in  this  30  Hz  prediction  since  the 
rate  for  O^/CO^  (v^)  (V-V)  coupling  Is  net  well  known.  As  shown  in  Figure  1  o  difference  of 
one  order  of  n^egni  tude  in  this  particular  rata  moltos  approximately  the  some  difference  in  f^ 
ot  zero  humidity.  For  this  work,  M0f|  (5, 2, 0)  wax  chosen  to  be  3.0  x  10*  sec®1  atm®*  to 
agree  with  Piercy's 14  results.  Taylor  and  l> Mormon 17  suggest  o  value  of  3.0  x  10*  sec®'  atm®1 . 
The  third  curve  in  Figure  1  emphasizes  the  importance  of  including  the  trace  amounts  (300  ppm) 
of  COj.  Without  COj  the  zero  humidity  relaxation  frequency  is  approximately  6  Hz. 

The  acoustician  is  often  faced  with  making  corrections  for  atmospheric  absorption  end 
fer  those  purposes  Figure  •  is  included.  These  curves  show  tho  total  absorption  (i.e,,  classical, 
vibrational,  and  rotational  absorption)  In  d^lOOO  ft  versus  i/p  ot  20*  C.  It  is  felt  that  the 
accuracy  of  those  predicted  curves  will  be  well  within  any  experimental  error  in  field  measure¬ 
ments  end  con  be  used  without  hesitation. 

IV.  SUMMAXY 

Tho  theoretical  method  developed  allows  the  acoustic  absorption  to  bo  calculated  to  on 
accuracy  comparable  to  that  of  present  eiyeriments.  If  tho  need  for  mere  accurate  predictions 
of  sound  absorption  arises,  then  tho  transition  rotes  required  In  the  theory  must  be  determined 
mere  accurately,  especially  these  involving  water  vapor.  Further,  if  tho  theoretical  method 
is  to  bo  expanded  to  alien  atmospheres,  the  necessary  binary  vibrational  onotgy  transfer  rotes 
must  be  determined  experimentally  or  cokuloted.  Tho  Ability  of  tho  theoretical  technique 
to  predict  tho  temperature  dependence  of  tho  sound  absorption  depends  upon  the  temperature 
dependence  of  the  various  vibrational  rotas.  Again  those  rotas  involving  water  vapor  need 
additional  study.  In  order  to  moke  calculations  of  the  absorption  of  sound  in  oir,  or  any 
other  calculation  which  requires  transition  rotas,  without  "a  priori"  knowledge  of  tho  various 
transition  rates,  theoretical  expressions  for  those  rates  must  bo  developed.  To  dot*  there  has 
been  marginal  success  with  (V-T)  cokuletions  end  with  (V-X)  cokuletions  but  none  with 
(V-V)  theory.  Those  calculations  also  deserve  additional  study. 

Soma  error  may  bo  Introduced  Into  the  present  calculations  by  exclusion  of  tho  trace 
amounts  of  Hj  and  Ar  which  ora  present  In  the  atmosphere.  These  constituents,  particularly 
,  may  hove  seme  importance  ot  extremely  lew  humidities.  The  uncertainty  introduced  by 
neglecting  these  two  tract  elements,  however.  Is  certainly  no  greeter  than  that  already 
present  owing  to  the  uncertainty  in  the  transition  rotas, 

These  calculations  were  expedited  by  most  of  the  needed  transition  rates  being  available 
in  Taylor  and  li Mermen’s  v  excellent  review  article  on  the  transition  rates  important  for 
COjIewi.  Other  reviews  of  this  nature,  whore  the  various  data  sets  ora  not  only  recorded 
but  their  accuracy  msmsed,  ora  certainty  needed. 
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It  it  felt  by  Ibateaulheri  that  Ibe  method  end  curvet  pretexted  can  be  ueed  la  predict 
otmctpheric  round  prapapettan  reliably  at  JO*  C  and  probably  tefoly  ever  a  5°  tpreod  attend 
2tf*C.  Not  until  bailor  Information  It  ova!  lab  la  an  ibt  ttwpotelui  t  dependence  of  Many  of 
Hie  trantition  ratal  wilt  accurate  calculation*  at  a  function  of  temperature  be  pettible. 
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h  %  HjO  Metarules 

Figure  I ...  lew  Humid!  f/  Met  ef  lUlvavtion  Fftfoxy  et  •  FwncKon  of  Percent  H.O 
Molecules.  The  t»|{4  (>i»  reptw*  the  best  calculation  end  h>  been 
calculated*;*  MOP*  (5,2,0)  ■  3x10s  wc*'  etn*‘  far  300  yp*  COj. 

The  dethod curve  wpwwh 300 gpo  CO? and MOfj  (5, 2.0) ■  3x  10*  wc'* 

at»“ 1  and  hat  baen  Included  to  wnghatize  lit*  importance  of  thit  toto  ef  lew 
humidities.  The  def>dmh  curve  ropwtw*  CO,  Free  oi r. 


Normalised  Frequency 

F,fwto  3.  (Jeiiiliitf  Intent!  ty  Abwrpi®*  m  a  Functien  of  Nermolixed  Frequency  for 

0.3%  to  1 .2%  H?0  Molecules.  The  solid  curve  hat  bee*  calculated  for  23°  C 

end  repawn*  an  evetoge  valve  of  the  calculated  curvet  In  thit  humidity  iwp. 
The  difference  in  the  calculated  velvet  over  Ihit  range  it  about  twice  the  line 
thlcbnom. 
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Nmlittf  frequency 

Nonnellied  Intensity  Abterpien  et  *  function  ef  Normal  lied  frequency  for 
lew  Own  0.5%  H^O  Mel  ecu  lei.  The  wlid  curve  hot  been  calculated  far  II  % 
Relativa  Humidity^  23*  C  (h-  .304%  H}0  molecule.).  The  dphod  curve  ha 
been  calculated  ft  M%  Motive  HumidityG®  23* C  (h«0.0i*  HjO  molecule:). 


Nerwelired  Frequency 

figure  4.  Nermeliied  Intemity  Abterpiqn  et  e  f unction  e*  Nermeliied  Frequency  for 

-1.2%  to  1 .4%  HjO  Moleculet .  Thetolid  curve  hat  been  celcjletod  l*»  23*  C 

end  repawn*  an  overage  value  ef  the  calculated  curvet  in  thii  humidity  range 
The  difference  In  the  ce (evicted  velvet  ever  this  range  It  ebeut  twice  the  line 
thiebnen. 
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Figure  5.  Normqliied  lnr«n«;ty  Absorption  O*  a  Function  of  Normolited  Frequency  for 

1 ,9%to  2.5%  H^O  Molecvlet.  The  tolid  curve  hot  boon  cel  evicted  foe  23®  C 
end  represent*  on  overage  volue  of  the  calculated  Curvet  in  tbit  humidity  range. 
The  difference  in  the  colculefed  values  ovor  tbit  range  I*  obouf  twice  the  line 
thickness. 
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Figure  4.  Normalized  MofoewW  Absorption  for  Wevelongth  oi  •  function  of  Frequency. 
The  curves  ore  calculated  For  the  iftdlcr*:^  .rlotlvo  humidities  of  23*  C. 
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Fiforo  7.  Relmtetion  Frequency  m  o  Function  of  Forcont  H^O  Molecule*.  I  bo  solid  curve 
!»  from  this  woA.  Tbo  deshed  curve  it  from  Monk  (toforonco  5). 


Figure  V.  Total  Absorption  of  Sound  in  Air  m  •  Function  of  frequency.  Tbo  Curvet  n 
from  0  to  100%  revive  humidity  end  oro  for  HP  C. 


Addendum  to  Proceedings 

Helicopter  Noise  Symposium 
28-30  September  1971 


SUMMARY  SESSION 

Mr.  Richard  Ballard: 

I  think  a  summary  session  is  very  important  for  a  couple  of  reasons. 

One  is  that  it  gives  us  an  opportunity  to  sum  up  the  papers  that  we 
have  had  during  the  last  day  and  a  half  of  meetings.  The  other  thing 
is  that  it  gives  us  a  good  opportunity  to  take  a  look  and  to  assess 
where  we  have  been  and  where  we  might  be  going.  I  would  suggest  that 
you  give  a  little  thought  to  where  we  are  going  in  some  of  our  programs 
and  if  we  are  really  effective  in  solvihg  the  problem  of  the  helicopter 
in  the  military  environment.  As  I  mentioned  to  you  yesterday,  operators 
are-  going  to  be  reluctant  to  sacrifice  performance  to  reduce  noise. 

They  are  going  to  be  reluctant  to  pay  more  for  quieter  helicopters  with 
the  exception  of  special  purpose  vehicles.  These  special  purpose  ve¬ 
hicles  have  a  grouping  of  their  own,  so  I  don't  think  we're  going  to 
orient  our  efforts  in  that  direction.  Also,  if  we're  going  to  reduce 
the  noise  of  helicopters,  we  cannot  do  it  at  the  expense  of  performance. 

I  think  we  should  keep  these  points  in  mind  as  we  proceed. 

We  have  five  sessions,  and  I  propose  to  let  the  chairman  of  each  one 
o.  these  sessions  approach  it  as  he  wishes.  He  may  summarize  the 
session  or  make  his  own  remarks.  The  first  session  yesterday  morning 
was  chaired  by  Mr.  Meade  Mitchell  and  addressed  the  Government  programs, 
so  I  will  ask  Mr.  Mitchell  to  start  off. 

Mr.  Meade  Mitchell: 

We  have  given  considerable  thought  to  trying  to  summarize  the  session 
we  had  yesterday.  Generally  it  was  a  summary  of  the  programs  being 
sponsored  by  AMRDL  (the  Array  Air  Mobility  Research  and  Development 
laboratories)  in  conjunction  with  NASA.  Out  of  that,  a  couple  of  re¬ 
marks  would  be  appropriate  now  from  the  AMRDL  standpoint.  It  is 
evident  that  we  are  going  to  continue  to  invest  a  considerable  amount 
of  our  limited  resources,  that  is,  funds,  manpower  and,  in  the  case 
of  NASA,  facilities.  We  are  going  to  depend  pretty  heavily  on  NASA 
for  support  as  far  as  the  Government  facilities  are  concerned,  and  also 
on  industry  and  universities  for  support  of  our  noise  program.  However, 
it  is  evident  that  we  must  concentrate  now  on  coming  to  an  agreement 
amongst  ourselves  about  defining  the  causes  and  possible  solutions, 
and  then  acceptable  ways  of  predicting  noise  and  noise  reduction  methods. 
There  are  questions  of  hew  we  put  this  in  specifications  from  the 
Government's  standpoint  in  our  new  systems  work,  how  we  specify  what 
we  want.,  and  then,  after  we've  specified  it  all,  how  we  measure  it. 


I  think  there  is  some  work  to  be  dene  on  coming  up  with  an  acceptable, 
understandable,  common  system  of  measuring  noise  reduction  techniques. 
We  have  made  some  starts  on  this ,  such  as  under  what  conditions  do  we 
measure,  what  type  of  instrumentation  do  we  use,  what  are  the  atmos¬ 
pheric  conditions  under  which  we  are  going  to  grade  the  contractor 
for  his  efforts,  what  kind  of  terrain  is  to  be  considered  and  things 
like  that.  It's  about  time  we  try  to  bring  some  of  these  aspects 
into  focus.  As  we  said  yesterday,  we  are  going  ahead  to  develop 
systems  whether  or  not  we  reduce  the  noise. 

I  am  excited  about  some  of  the  work  that  has  been  reported  here, 
sponsored  by  ARO-D,  some  of  the  independently  sponsored  work,  and 
seme  of  the  work  we're  trying  to  sponsor  through  the  Army  labs.  I 
think  we  are  on  the  verge  of  coming  up  with  some  techniques  of  pre¬ 
dicting  and  eliminating  noise.  Now  that  we  are  beginning  to  under¬ 
stand  some  of  the  fundamental  mechanisms  that  cause  it,  I  think 
there  are  some  design  techniques  that  we  can  use.  That  has  been 
evident  in  some  of  the  papers  presented  today  by  Vertol.  So,  in 
summary,  I  think  we've  got  to  bring  into  focus  some  of  these  things 
that  we  are  all  discussing  -  the  techniques,  the  measurements,  and 
more  important,  the  way  to  specify  what  we  want  without  compromising 
performance.  After  we  have  specified,  how  do  we  grade  the  contractor 
and  how  do  we  make  him  stick  to  his  contract  of  producing  what  we  say 
we  want? 

I  think  that  generally  summarizes  our  session  of  yesterday.  Again, 

I  am  encouraged  by  the  things  I've  heard  here  today.  It  seems  as 
though  we  are  well  on  the  road  to  a  better  understanding  of  the  causes 
of  noise  and  how  to  use  them  to  make  design  improvements  to  reduce 
noise. 


Aerodynamic  Theory 

Dr.  Robert  w.  Truitt: 

Thank  you,  Dick.  As  most  of  you  know,  I  have  worked  with  ARO-D  closely 
over  the  past  six  or  more  years.  And  in  ?a. ticular,  I  saw  the  planning 
of  Dr.  Kumar  in  what  we  now  see  as  the  oeginning  of  fruitful  work  in 
helicopter  noise. 

First  of .all,  I  want  to  say  that  I  am  impressed  with  the  quality  of  papers 
that  we  had  in  this  session,  I  think  it's  clear,  and  Meade  Mitchell  men¬ 
tioned  this,  that  there  have  been  some  important  things  reported  here.  I 
do  think  that  the  mission  we  set  out  to  accomplish  in  this  noise  program 
can  be  realized,  and  I  emphasize  "can  be"  because  I  think  it’s  clear  to 
all  of  us  that  we  still  are  a  long  way  from  answering  some  of  the  real, 
fundamental  questions. 
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first  of  all ,  I  want  to  mention  the  papers  that  were  presented  during 
this  session.  The  first  paper  was  a  preliminary  "Noise  Analysis  of 
the  External  Aerodynamic  Diffuser  Applied  to  Shrouded  Propellers", 
presented  by  Dr.  Ron  Bailey  and  Mr.  Richard  Longhouse.  It  was  brought 
out  during  the  discussion  of  this  paper  that  the  instability  of  the 
flow  due  primarily  to  any  forward  motion  would  be  caused  by  flow  sepa¬ 
ration,  that  is,  separation  off  of  the  shroud  itself.  This  points  to 
the  important  fact  that  viscosity  effects  are  of  great  importance  not 
only  in  the  aerodynamic  considerations  but  to  noise  problems  as  well. 

The  second  paper  was  concerned  with  "Theoretical  and  Experimental 
Studies  of  Helicopter  Noise  Due  to  Blade-Vortex  Interactions"  and  was 
presented  by  Drs.  Widnall,  Chu  and  Lee.  The  first  type  of  blade- 
vortex  interaction  discussed  was  for  the  tandem  rotor,  where  the  un¬ 
steady  lift  on  a  blade  is  calculated  using  an  existing  linear  unsteady 
aerodynamic  theory  for  blade-vortex  interaction!  For  the  tip-dominated 
blade-vortex  interaction,  unsteady  slender  body  theory  is  used  to  calcu¬ 
late  the  unsteady  forces  on  the  blade  as  it  encounters  the  vortex.  The 
theoretical  model  for  radiated  sound  due  to  transient  lift  fluctuations 
vas  presented  along  with  the  predictions  of  the  directivity,  frequency 
spectrum,  and  transient  acoustic  signals.  Agreement  was  found  to  be 
good  compared  with  the  experiment  for  small  angle  blade-vortex  inter¬ 
actions.  It  occurred  to  me  that  perhaps  one  of  the  places  where  we 
need  to  consider  an  improvement  in  the  approach  to  a  problem  as  com¬ 
plicated  as  this  is  to  hope  that  sometime  we  can  get  into  the  non¬ 
linear  theory,  particularly  as  you  approach  larger  angles  of  attack. 

The  inviscid  slender  body  theory  is,  of  course,  an  old  standby  that 
we  always  lean  upon, but  there  are  many  new  theories  that  are  concerned 
with  the  viscous-transonic  slender  body  flow  which  I  hope  we  can  in¬ 
corporate  soon'. 

As  we  move  along,  hopefully  we  can  improve  our  theories  and  our  ability 
to  predict  by  putting  in  more  realistic  inputs  from  the  aerodynamics 
point  of  view.  Right  now,  transonic  aerodynamics  is  a  very  popular 
subject.  ARO-D  is  supporting  some  very  interesting  work  in  viscous 
transonic  flow,  and  we  are  hopeful  that  important  findings  will  develop 
from  these  studies.  I  think  it  would  behoove  us  as  helicopter  people 
to  keep  abreast  of  all  of  this  new  research  activity. 

The  third  paper,  given  by  Drs.  Iyon,  Mark  and  Pyle,  was  entitled 
"Synthesis  of  Helicopter  Rotor  Tips  for  Less  Noise".  Dr.  Iyon  gave  a 
presentation  of  studies  of  rotor  tip  sound  radiation  for  purposes  of 
designing  rotor  tips  that  radiate  less  sound  in  specified  frequency 
bands.  Consideration,  as  you  may  recall,  was  given  to  radiation  due 
to  lift  and  thickness  effects.  Dr.  Lyon  showed  that  lift  radiation  is 
generally  negligible  in  comparison  with  thickness  radiation  in  specified 
frequency  bands.  Factors  that  affect  trade-offs  between  choices  of 
airfoil  section  and  planform  were  discussed.  Now,  here  again,  I  believe 
that  the  non-linear  viscous  aerodynamics  that  we  might  have  as  an  input 
might  be  an  improvement  in  the  approach  to  this  problem.  In  other  words. 
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both  the  second  and  third  papers  seemed  to  me  to  require  a  better 
input  than  linear  inviscid  slender-body  theory.  I  do  not  mean  to 
imply  that  we  won't  be  needing  to  use  the  wind  tunnel  to  get  a  lot 
of  answers,  because  theory  is  not  going  to  be  completely  sufficient. 
But,  some  very  important  theoretical  findings  are  available  concerning 
optimum  or  shockless  transonic  airfoils.  The  work  of  Nieuwland  and 
others  may  lead  to  optimum  airfoils ,  bodies  and  wing-body  combinations 
that  will  be  efficient  in  the  transonic  range.  They  are  not  going  to 
be  as  efficient  at  lower  speeds,  but  it  looks  like  we  can  hope  to  have 
some  better  and  more  efficient  means  to  operate  very  near  the  speed 
of  sound  or  certainly  in  the  super  critical  range.  It  seems  clear  to 
me  that  an  optimum  aerodynamic  body  shape  (meaning  optimum  with  respect 
to,  say,  drag  rise)  is  compatible  with  an  optimum  shape  for  less  noise. 
I  don't  think  we  are  going  to  eliminate  noise  but  I  would  certainly  be 
surprised  if  when  you  get  a  good  aerodynamic  configuration  in  the 
transonic  range,  you're  going  to  have  a  good  noise  configuration  too. 

I  would  like  to  hear  what  someone  else  in  the  audience  has  to  say  about 
that . 

The  fourth  paper,  as  you  recall,  was  given  in  two  parts,  one  by  Profes¬ 
sor  Sears  and  the  other  by  Mr.  Homicz.  The  first  part  of  this  presen¬ 
tation  was  related  to  engine  noise  and  involved  an  investigation  of 
blade  forces  arising  from  rotor-stator  interaction  in  subsonic  flow. 

One  important  conclusion  was  that  the  Kemp-Sears  type  of  approximation 
can  be  extended  to  include  compressibility  effects  by  means  of  tech¬ 
niques  suggested  by  Amiet  and  Sears.  He  also  mentioned  some  apparent 
discrepancies  in  the  results  of  Johnson  on  gust  loads  in  subsonic  two- 
dimensional  flow.  But,  in  particular,  the  extension  of  the  Kemp-Sears 
theory  in  the  compressible  range  involved  a  first-order  theory  for 
unsteady  flow  that  was  analogous  to  the  Prandtl-Glauert  correction, 
but  it  had  an  additional  effect,  that  is,  a  first  order  distortion  of 
any  time-varying  boundary  condition,  which  was  referred  to  as  the  gasp 
approximation.  It  is  very  clear  that  this  work  cannot  be  applied  to 
the  transonic  range  or  even  to  the  super  critical  range,  because  the 
Prandtl-Glauert  theory  simply  breaks  down.  This,  again,  points  to 
the  fact  that  a  better  viscous-transonic  approach  is  needed.  The  noise 
problem  is  most  acute  in  this  aerodynamic  regime.  Finally,  you  recall, 
Greg  Komicz  gave  the  second  part  of  the  presentation:  "Acoustic  Radia¬ 
tion  from  a  Plane  Surface  with  Application  to  Rotors".  He  developed 
a  general  approach  for  predicting  acoustic  radiation  from  a  plane  sur¬ 
face  that  exerts  a  fluctuating  load  upon  the  surrounding  fluid.  But 
again,  if  your  recall,  his  analysis  called  for  a  linearized  aerodynamic 
theory  input.  The  same  remarks  that  I  made  before  pertain  here,  too.. 

It  would  now  seem  appropriate  to  have  questions  or  comments  from  the 
audience. 


Dr.  Sheila  Widnall; 


.1  certainly  agree  with  much  of  what  you  say.  And  when  you  and  I  talk 
about  transonic  flow,  we  know  what  that  extension  requires.  I  think 
many  of  the  other  people  here  may  not  realize  how  difficult  transonic 
flow  has  always  been  for  the  aerodynamicist.  It's  one  of  those 
fields  like  turbulence,  which  everybody  knows  is  very  important.  There 
have  been  very  few  strides  made  in  transonic  flow  and  these  have  always 
been  won  at  great  expense  and  great  complexity.  The  reason  that  we  use 
tools  like  linear  aerodynamics  analysis  is  that  they  allow  us  to  pre¬ 
dict  an  enoumous  number  of  phenomena  with  fairly  good  accuracy  at  a 
fairly  low  cost.  The  transonic  flow  is  not  that  kind  of  a  problem, 
although  I  certainly  agree  it  is  a  very  important  problem.  I  would 
also  make  the  remark  that  it  is  known  that  in  the  case  of  unsteady 
transonic  flow,  the  linear  theory  is  often  much  better  than  it  has  any 
right  to  be.  I'm  sure  you  are  familiar  with  the  work  of  Martin  Landahl, 
who  did  a  lot  of  work  in  unsteady  transonic  flow.  In  the  unsteady  flow 
regime,  you  may  be  much  better  off  using  linear  theory  than  you  would 
be  in  the  corresponding  steady  flow  case.  This  has  ah  application  to 
what  Dick  Iyon  is  doing.  He  is  looking  at  an  unsteady  transonic  flow 
problem,  using  linear  theory.  Because  it  is  unsteady,  it  is  very  likely 
that  his  results  are  more  accurate  than  they  would  ever  hope  to  be  in 
a  steady  flow  problem.  So,  what  1  am  suggesting  is  that  I  do  agree 
that  transonic  flow,  if  we  could  do  it,  is  very  important.  One  has  to 
realize  how  much  that  is  going  to  cost.  Ana  I  put  quotations  around 
the  word  "cost",  because  I  don't  mean  just  money.  I  mean  our  ability 
to  understand  our  results  and  our  ability  to  obtain  results,  including 
the  fact  that  we  would  have  to  do  separate  calculations  for  every  single 
set  of  parameters,  every  single  case  would  have  to  be  investigated  as 
a  separate  topic,  possibly  numerically.  So,  that  is  a  cost  in  our 
ability  to  understand  the  results. 

Dr.  Robert  Truitt: 

I  would  like  you  to  comment  also  on  the  compatibility  of  the  best  aero¬ 
dynamics  we  can  do.  How  do  you  feel  about  that  as  far  as  the  noise  is 
concerned? 

Dr.  Sheila  Widnall: 

Certainly  the  work  that  Harry  Sternfeld  and  Boeing,  are  doing  shows  that 
if  you  want  to  fly  that  tip  at  Mach  numbers  close  to  one,  you  might  as 
well  design  it  from  Mach  numbers  close  to  one.  Now  nobody  would  ever 
design  jet  transport  aircraft  with  straight  wings  to  fly  at  Mach  .92. 
There  is  technology  in  that  field.  Certainly  supersonic  or  swept  wings 
utilize  planform  shaping,  and  certainly  the  helicopters  ought  to  take 
advantage  of  it.  That's  going  to  be  rather  slow  in  coming  because  it 
has  to  be  done  very  carefully,  but  it's  a  direction  in  which  to  go. 

I  do  agree  with  you  that  if  you  do  have  an  efficient  tip  shape  from 


the  point  of  view  of  drag  and  performance,  then  I  intuitively  feel, 
as  you  do,  that  it  will  be  more  efficient  from  the  noise  point  of 
view.  Boeing  correlations  with  critical  Mach  number  of  the  airfoil 
section  and  the  onset  of  very  high  impulsive  loading  and  high  impulsive 
noise  certainly  bear  that  out. 

Dr.  Fred  Schmitz: 

We,  at  Ames,  have  a  group  now  doing  transonic  aerodynamics  quite 
actively  and  the  unsteady  problem  in  particular.  We  are  doing  both 
theoretical  and  theoretical-numerical  computations;  that  is,  doing 
the  full-blown  problem.  We  hope  to  run  some  experiments  within  the 
next  year  in  the  wind  tunnel  on  various  operating  conditions.  I'm 
not  an  expert  in  the  area,  but  I  do  know  the  unsteady  problem  is 
being  attacked  right  now.  And  it's  not  just  the  Army;  it's  the  Army 
and  NASA  —  a  group  of  about  six  people  who  are  attacking  it.  All  of 
a  sudden  it's  a  very  popular  problem. 

Mr.  Meade  Mitchell 

3ob,  you  triggered  a  thought  that  had  been  playing  on  my  mind  through 
the  whole  session  —  your  best  shape  aerodynamics  would  probably  give 
you  your  best  noise  condition.  There's  an  old  adage,  you  know;  "Where 
there's  smoke,  there's  fire".  I've  been  thinking  about  this,  where 
there's  noise,  there's  vibration.  If  we  can  reduce  the  noise,  I  think 
it  will  have  a  great  effect  on  reducing  the  over-all  vibration  of  the 
helicopter,  and  that's  of  serious  concern  to  us  right  now  from  the 
standpoint  of  the  reliability  and  maintainability  of  the  machine.  So, 

I  think  we  can  relate  noise  to  that  aspect.  We  have  active  contracts 
right  now  trying  to  isolate  vibration  or  study  vibration  in  relation¬ 
ship  to  what  has  been  done  to  the  reliability  of  parts  and  maintenance 
on  the  machine.  I  know  Sikorsky  has  realized  some  improvements  in 
their  maintenance  of  the  machine  using  a  damper  on  the  rotor.  Of  course, 
we  can  isolate  vibrations,  but  if  we  can  reduce  them,  the  reduction  in 
noise,  I  think,  will  have  a  great  payoff  too.  That  is  a  point  I  wanted 
but  forgot  to  make. 

Dr.  Paul  Pao: 

I  have  a  comment  to  make  which  is  not  related  to  transonic  flow,  but  to 
the  question  of  how  you  get  noise  out  from  a  sound  source  in  a  transonic 
flow?  In  some  recent  analysis  that  I  have  done,  I  found  that  in  transonic 
flow  conditions  with  a  sound  source  embedded  in  it,  the  local  condition 
due  to  the  flow  gives  a  very  serious  distortion  to  the  acoustic  properties 
near  the  sound  source.  So  the  correspondence  between  the  sound  source 
and  the  far  field  noise  are  quite  different  from  what  we  can  see  from 
a  simple  wave  equation  as  was  used  in  the  theory.  I  don't  know  how  much 
this  property  will  affect  the  intensity  of  the  noise  but  certainly  it 
has  something  to  do  with  the  directivity.  Transonic  flow  is,  of  course, 


an  extremely  difficult  thing,  hut  transonic  wave  equations  are  easier 
to  handle.  So  as  the  first  step,  probably  we  can  do  something  in 
that  direction. 


Bob,  just  to  reiterate  something  I  have  said  earlier,  but  in  support 
of  something  you  and  Meade  had  mentioned.  We  find  that  the  work  we 
are  doing  right  now  and  which  is  in  very  active  progress  at  Sikorsky 
to  develop  quieter  and  more  efficient  rotor  blades  is  in  exactly  the 
direction  in  which  you're  talking.  We  are  using  transonic  airfoils. 

We  do  find  that  we  can  achieve  very  significant  improvements  in  per¬ 
formance  with  reductions  in  noise  level  which  are  on  the  order  of 
five  to  ten  pndb  in  the  range  in  which  we're  looking.  V/e  find  from 
the  vibration  point  of  view  that,  in  fact,  as  you  would  intuitively 
guess,  when  you  reduce  this  separation  mechanism  and  improve  your  drag 
characteristics  on  the  blade  the  vibration  levels  do  improve.  Also, 
we  find,  in  the  high  speed  flight  regimes,  very  significant  reductions 
in  control  loads .  I  thinkthat  a  lot  of  this  work  we  are  doing  now  is 
really  helping  us  finally  if  not  to  fully  understand  the  problem,  at 
least  to  probe  in  some  of  the  correct  directions.  I'm  not  sure  we 
really  understand  many  of  the  mechanisms  which  are  going  on,  but  I 
think  the  indications  from  the  research  which  we're  doing  are  at  least 
heading  us  in  the  right  direction. 


Dr.  Robert  Truitt: 

Would  you  comment  a  little  more  on  the  optimum  type  shape  that  you're 
using  or  is  that  a  trade  secret. 


fir.  Ronald  Schlegel: 


Well,  I  think  the  latter  is  probably  true  at  this  stage.  I  don’t 
want  to  talk  in  detail,  and  frankly,  I'm  not  qualified  to  talk  in 
detail  about  some  of  the  shapes  which  you're  looking  at. 


Mr.  William  Nettles: 

In  the  same  vein  in  which  Ron  is  speaking,  I  would  like  to  point  out 
that  there  is  one  thing  you  must  keep  in  mind.  Now,  Dr.  Whitcomb  is 
doing  some  airfoil  work,  and  the  tendency  is  to  use  his  airfoil.  The 
helicopter  blade  section  must  operate  over  a  very  wide  range  of  angles 
of  attack,  over  a  very  wide  range  of  Reynolds  numbers,  and  over  a  very 
wide  range  of  Mach  numbers.  How,  when  you  do  that  very  frequently  you 
find  that  if  you  design  a  blade  section  that  will  do  one  thing  for  you, 
make  one  point  better,  it  makes  the  other  point  worse.  Some  recent 
work  which  Boeing  is  doing  produced  an  airfoil  that  gives  them  an  in¬ 
crease  at  low  Mach  numbers,  but  with  the  high  Mach  number  range  they 
have  a  problem.  I  don't  mean  to  make  a  negative  statement  about  what 


you're  saying  because  I  think  this  is  perhaps  the  best  point  being 
made  in  this  conference.  But  in  considering  the  comments  that  have 
been  made,  I  think  it's  necessary  that  you  keep  this  practical  problem 
in  mind. 

Dr.  Robert  Truitt: 

Do  you  speculate  that  you  might,  if  you  were  smart  enough,  change  the 
airfoil  shape  under  different  operating  conditions? 

Mr.  William  Nettles: 

You  mean  actually  change  the  airfoil  shape  as  you  fly? 

Dr.  Robert  Truitt: 

Yes,  perhaps  changing  the  configuration  with  flaps.  You  might  be  able 
to  do  that. 

Mr.  William  Hetties: 

I  would  not  want  to  be  negative  and  say  no.  This  is  something  we  don't 
want  to  close  our  minds  to.  Command  is  working  on  what  they  call  a 
controllable  twist  rotor,  which  I  find  fascinating  because  it  does  all 
kinds  of  good  things  like  this.  And  I  know  you  people  don't  like  to 
hear  about  that.  But  we  do,  in  particular  with  the  heavy  lift  work  — 
and  this  work  is  fascinating  because  we  are  trying  to  do  something  new, 
and  we  do  run  into  this  Mach  number  variation  problem  and  Reynolds  num¬ 
ber  problem.  If  you  could,  perhaps,  come  up  with  an  airfoil  change, 
perhaps  it's  worth  looking  at.  Let  me  make  one  more  point.  Maybe  I 
shouldn't  say  this.  Dr.  Truitt's  comments  to  Sheila  Widnall  were  very 
good,  but  then  if  Sheila  Widnall  had  not  done  the  work  she  has  done. 

Dr.  Truitt  could  not  have  asked  the  questions  he  asked.  Now  that's 
the  problem  that  existed  two  years  ago.  Some  of  these  questions 
couldn't  be  asked  then,  because  nobody  had  done  enough  work  at  that 
point  to  ask  it. 

Mr.  Richard  P.  White; 

We  have  come  a  long  way  over  the  last  three  years  in  terms  of  vortex 
noise.  I  don't  knot/  if  we've  gone  so  far  that  we  are  sophisticated 
enough  In  vortex  noise  and  understand  it  well  enough  that  we've  had 
the  privilege  of  using  it  for  systems  studies.  I  thought  that  it  was 
pretty  good  that  people  are  really  considering  vortex  noise.  They're 
concerned  with  it  in  terms  of  flight  paths,  like  Bob  Simpson  this 
morning.  It  wasn't  too  many  years  ago  that  if  somebody  said  vortex 
noise,  they  would  look  at  you  and  say  you  were  out  of  your  mind.  It 
did  start  receiving  some  recognition  as  a  serious  area  that  should  be 
understood.  If  you  understand  it,  you  may  be  able  to  do  something 


about  it .  There  are  some  handy  formulas .  Ron  Schlegel  had  one  that 
worked  pretty  well.  And  Martin  Lowson  had  one.  I  think  the  first 
person  I  can  remember  that  used  it  discretely  in  an  analysis  to  de¬ 
termine  what  effect  it  might  have  on  the  correlation  between  measured 
and  predicted  was  based  primarily  on  how  large  the  rotor  loading  was. 
Dr.  Loewy  and  Gene  Sadler  indicated  that  even  with  the  simplified 
analysis  they  could  do  at  this  time,  it  gives  tremendously  better 
correlation  at  a  high  frequency  in  a  spectrum.  Also,  what  they  de¬ 
termined  for  one  helicopter  seemed  to  apply  very  well  to  another 
helicopter.  This  led  to  some  things,  and  I  think  it  was  one  of  the 
forces  that  led  to  the  two  programs  that  were  sponsored  by  ARO-D. 

We  heard  the  preliminary  results  of  those  programs  yesterday.  All 
the  data  have  not  been  analyzed  yet.  I  think  the  session  that  I 
had  the  privilege  of  chairing  was  fortunate  in  that  it  covered  a  wide 
spectrum,  with  some  very  basic  research  being  reported  in  which  con¬ 
ditions  were  painstakingly  controlled.  One  controlled  experiment 
not  truly  representative  of  all  aspects  of  a  rotor  in  its  natural 
environment  was  work  recorded  by  Jim  Scheiman.  Then  we  went  through 
the  full  gamut  of  looking  at  the  importance  of  vortex  noise  as  de¬ 
termined  from  the  machine  we  call  a  helicopter,  working  in  its  own 
environment.  I  think  that  the  spectrum  we  have  covered  in  this 
session  pointed  out  something  very  interesting  and  something  that 
shows  a  need  for  detailed  analysis.  I  think  the  basic  programs  that 
were  conducted  under  ARO-D  sponsorship  had  a  primary  objective  of 
doing  controlled  tests  to  demonstrate  and  show,  hopefully  conclusively 
that  from  an  airfoil  type  lifting  section,  discrete  vortex  shedding 
of  the  Karman  vortex  street  type  did  exist  and  also  to  determine  some 
of  its  basic  characteristics.  I  think  generally  that  those  programs, 
within  the  analysis  of  the  data  that  has  been  accomplished  to  date, 
have  indicated  that  it  does.  At  the  same  time  these  programs  are 
going  on,  there  are  other  investigators  who  have  been  doing  some  work 
making  some  measurements  that  have  also  indicated  a  discrete  shedding 
on  an  airfoil  does  exist.  There  has  been  work  at  M.T.T.  and  by  Dave 
Smith  from  the  Air  Force  on  the  sail  plane  work. 

It  was  very  impressive  to  hear  those  tapes.  When  you  come  to  that 
discrete  tone,  they  can  pick  up  a  sail  plane  a  quarter  of  a  mile  away. 
Robin  Gray's  very  recent  report  with  Allen  Pierce  indicated  the  extent 
of  the  noise  that  might  be  obtained  by  an  airfoil  shedding  vorticity. 
The  results  of  the  two  programs  sponsored  by  ARO-D  are  somewhat 
preliminary  because  the  investigators  have  not  had  the  opportunity  to 
analyze  all  the  data  they  obtained.  As  for  UARL,  they  are  still  ob¬ 
taining  some  data.  3ut  I  think  some  of  the  conclusions  that  were 
drawn  or  indicated  yesterday  are  interesting  to  note  again.  There 
is  an  indication  that  there  is  a  pure  tone.  There  is  indication 
that  there  may  be  more  than  one  pure  tone.  But  the  frequencies  as¬ 
sociated  with  these  tones  are  not  what  we  expected.  They  are  much 
higher,  and  they  seem  to  be  associated  with  the  weight  thickness 
rather  than  airfoil  thickness.  Dr.  Sadler  reported  that  in  the  work 


he  had  been  looking  at  there  is  some  indication  that  the  pressure 
fluctuation  at  these  pure  tone  frequencies  were  correlated  across  the 
entire  span  of  both  the  two-dimensional  and  the  three-dimensional 
models,  but  they  were  not  in  the  wake.  That's  puzzling.  He  also 
indicated  in  the  figures  he  showed  us  chat  the  models  seemed  to  be 
vibrating  at  the  same  frequency  as  the  pure  tone,  but  the  force  output 
from  the  model  through  that  vibration  was  not  nearly  sufficient  to 
be  the  noise  that  was  measured.  Just  possibly,  then,  that  small 
oscillatory  pressure  might  have  correlated  all  the  somewhat  random 
effects  we  might  have  gotten  from  the  shedding.  It  also  indicated 
that  the  primary  dipole  associated  with  this  is  in  the  lift  direc¬ 
tion,  not  in  the  drag  direction.  We  have  had  an  indication  that 
the  laminar  boundary  layer  associated  with  the  pressure  side  of  the 
airfoil  might  be  one  of  the  controlling  aspects  of  the  vortex  shedding. 
As  I've  said,  these  are  somewhat  preliminary  results  the  two  investi¬ 
gators  reported,  and  I  think  that  when  they  look  at  the  data  in  more 
detail  and  more  extensively,  we'll  probably  find  other  and  more  in¬ 
teresting  things.  I  think  the  comparison  of  3ome  of  the  data  in 
results  that  were  obtained  from  the  basic  controlled  experiment  to 
the  controlled  experiments  of  the  rotor  system  to  the  somewhat  un¬ 
controlled  experiments  associated  with  a  real  life  vehicle  might 
shed  an  interesting  light,  and  may  be  where  we  don't  understand  things. 

I'd  like-  to  refer  to  the  slides  presented  by  Jim  Scheiman.  I  thought 
what  he  showed  here  was  very  interesting.  The  indication  from  both 
the  circular  rotor  and  the  lifting  rotor  with  a  microphone  on  the 
axis  of  rotation  was  that  a  peak  output  of  the  acoustic  pressure  oc¬ 
curred  at  roughly  the  same  frequency.  The  db  level  from  both  of  these 
is  approximately  the  same.  This  is  interesting  because  most  Karman 
vortex-street  shedding  investigations  have  been  associated  with  rods. 

I  commend  Jim  for  giving  us  this  base  point  to  work  from.  The  charac¬ 
teristic  dimension  of  the  rod  in  its  shedding  is  its  diameter.  If  that 
be  the  case,  and  it  seems  to  correlate  very  well,  then  I  get  the  same 
frequency  with  the  lifting  surface.  You  can  get  strong  indication 
that  the  frequency  that  was  measured  here  was  associated  with  the  thick¬ 
ness  of  the  airfoil  and  not  the  weight.  That  is  different  from  what  we 
got  from  the  basic  experiment  with  the  fixed  wing  or  models  in  the  wind 
tunnel. 

Another  slide  that  Jim  presented  showed  a  lifting  rirfoil.  The  measure¬ 
ments  made  on  the  axis  of  rotation  and  measurements  made  in  the  rotor 
point  showed  tremendous  correlation  in  the  lifting  point  in  the  axis 
of  rotation.  This  is  associated  with  measurements  of  vortex  shedding 
in  the  lift  dipole.  He  didn't  quite  show  that  in  the  rotor  point. 

But  it  did  show  one  thing:  there  is  about  20  db  difference  in  the 
peak  levels,  which  indicates  that  the  drag  dipole  is  much  weaker  than 
the  lift  dipole.  This  apparently  compares  with  the  observations  and 
conclusions  reached  for  the  isolated  airfoil  in  the  non-rotating  flow 
field.  Then  Jim  threw  us  a  hooker.  It  was  pointed  out  yesterday  that 
this  might  be  affected  by  the  doppler  effect. 


The  oscillatory  signal  seems  to  peak  in  magnitude  at  the  frequency 
that  has  been  associated  with  vortex  shedding,  I  think  there  axe 
a  couple  of  reasons  for  this.  Even  a  circular  rod  can  generate 
lift  if  it  is  in  a  sheared  flow.  If  you  have  an  oscillatory  sheared 
flow  created  by  the  vortex  shedding  and  quite  possibly  the  lifting 
surface,  that  is  why  the  lifting  surface  could  develop  an  oscil¬ 
latory  lift.  The  circular  rod  could  not,  possibly  because  of  the 
characteristic  dimension  of  the  airfoil  versus  the  rod  in  the  sheared 
flow.  The  wavelengths  are  about  right  to  be  magnified  by  the  air¬ 
foil  section.  Also,  in  the  picture  of  the  experiment  that  he  showed, 
the  flow  was  over  the  motor,  over  the  strut  and  into  the  rotor.  The 
induced  flow  that  T  might  have  had  with  the  turbulences  that  Sevin 
Wright  showed  yesterday  could  cause  a  pressure  to  be  developed.  This 
might  be  coming  from  the  oscillatory  pressures  that  are  developed  by 
working  the  shear  flow  or  possibly  slight  interactive  turbulence  over 
the  strut  that  excites  one  of  the  natural  modes  of  the  model.  Due 
to  the  doppler  shift  as  it  goes  around  in  the  rotor  plane,  we  see 
a  spectrum  like  this.  There  might  be  a  reason  for  it.  I  suggest 
that  he  ought  to  take  a  look  at  his  data  to  get  some  information  on 
this.  I  don't  think  it  is  a  problem  of  concern  in  terms  of  vortex 
shedding  and  lift.  He  also  noted  in  his  paper  that  tip  shapes  did 
not  seem  to  have  much  effect.  Does  this  indicate  to  you  the  possi¬ 
bility  that  maybe  the  maximum  output  of  the  noise  is  not  associated 
with  the  high  Q  area?  This  is  something  that  you  intuitively  don't 
expect . 

There  is  indication  in  the  measured  data  when  you  get  all  the  other 
types  of  noise  sources  out,  that  the  basis  of  vortex  shedding  as 
an  important  noise  source  is  there.  The  papers  that  were  presented 
in  this  session  and  the  data  that  was  given  to  us  to  review  and 
analyze  raise  a  very  serious  question.  Generally  you  first  do  a 
basic,  well-controlled  experiment.  You  are  given  the  results  and 
analyze  and  understand  everything  that's  going  on.  I  think  from 
the  differences  that  we  have  seen  between  static-type  rotor  tests 
and  free  rotor  tests,  compared  to  real  basic  experiments,  there  seems 
to  be  too  many  areas  of  disagreement  to  get  the  meaning  that  we  need 
to  support  ourselves  in  analyzing  vortex  noise  associated  with  real 
life  systems.  I  thought  this  was  a  very  good  session.  We  have 
learned  a  lot.  From  what  Kevin  Johnson  presented,  there  is  a  strong 
indication  that  a  semi-empirical  method  can  be  devised  which  en¬ 
compasses  all  different  types  of  noise  and  which  can  be  used  for 
prediction  of  helicopter  noise  of  a  given  configuration,  given  the 
basic  parameters.  That's  not  the  first  time  that  a  semi-empirical 
analysis  that's  related  to  basics  has  been  able  to  do  a  very  good 
job.  Eut  I  think  we  have  a  long  way  to  go  yet  before  really  under¬ 
standing  vortex  noise,  and  I'd  appreciate  getting  your  comments  along 
these  lines. 
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Mr.  Harry  Sternfeld: 


The  comment  I  wanted  to  make,  hoping  maybe  it  will  trigger  somebody 
else's  thinking,  is  that  one  of  the  things  that's  vexed  me  involves 
blade  slap.  I'm  using  the  very  general  term,  but  I'll  say  specifi¬ 
cally  tandem,  although  the  frequencies  aren't  very  different  when 
we  get  it  on  our  single  rotor  tower.  We  get  harmonic  spikes.  They 
have  an  envelope  and  they  peak  right  up  at  around  the  same  frequency 
that  we  usually  associate  with  vortex  noise.  There  was  no  lift  so 
there  shouldn't  have  been  a  vortex.  In  addition,  that,  frequency 
doesn't  seem  to  move  around  very  much  if  we  make  an  airfoil  change 
or  something  like  that.  So,  my  comment  is  that  the  characteristic 
that  was  shown  by  Schieman  is  very  similar  to  the  characteristic 
we  see  when  we  get  through  harmonic  analysis. 

Mr.  Richard  White: 

As  most  of  you  know,  I'm  a  proponent  of  vortex  noise.  I'm  glad 
Harry  made  the  initial  input  here,  and  I  think  the  work  of  Robin 
Gray  is  pertinent  to  what  he  is  saying.  What  is  wrong  with  saying, 
or  assuming,  that  a  Landau  shock  on  the  blade  causes  separation? 

Can  I  not  possibly  feed  in  that  characteristic?  If  I  get  near 
stall,  can  I  not  get  the  same  thing?  Robin  Gray  indicates  that 
maybe  you  can.  I'll  explain  any  noise  in  terms  of  vortex  shedding, 
so  let's  keep  ah  open  mind. 

Mr.  Ronald  Schlegel: 

li/hat  I'm  going  to  say  is  an  open  question  relative  to  shock  forma¬ 
tion.  We  concluded  that  the  formation  of  a  local  shock  on  the  blade 
itself,  in  relating  the  phenomena  of  the  acoustic  dissipation  to  the 
impulsive  noise  in  the  far  field,  was  not  an  important  factor.  How¬ 
ever,  our  impulsive  noise  study  did  conclude  that  blade  drag  and 
drag  divergence  formation  was  very  important.  The  work  we  are  doing 
on  the  full  scale  model  tends  to  show  that  for  a  transonic  airfoil  as 
you  move  the  shock  formation  on  the  suction  side  of  the  blade  back, 
you  stabilize  the  shock.  Then,  in  fact,  the  noise  does  go  down.  I 
wonder  if  anyone  here  has  given  much  thought  to  the  acoustics  of  the 
oscillating  shock.  In  other  words,  what  are  the  acoustic  characteristic 
of  the  oscillating  shock?  What  does  this  do  to  the  subsequent  turbu¬ 
lence  and  loading  on  the  rest  of  the  blade,  and  is  the  stability  of 
the  shock  formation  important  acoustically? 

Mr.  Chris  3obo: 

That  is  exactly  the  mechanism  we  are  using  to  define  impulsive  noise. 

The  vortex  interaction  is  the  trigger  for  moving  that  shock  wave, 
and  if  you  think  of  it  as  an  impulsive  change  in  Mach  number  or  angle 


you  get,  therefore,  a  pulse  in  that  shock  wave  position.  And  that 
pulse  radiates  to  the  acoustic  signal. 

Mr.  William  Nettles: ^ 

I'm  not  speaking  on  this  particular  topic,  but  on  an  earlier  topic 
that  Harry  made.  Perhaps  what  I'm  going  to  say  isn't  too  terribly 
pertinent  but  in  preparation  for  some  of  the  testing  we  did  to  get 
you  the  data  for  your  vortex  noise  work,  we  went  over  to  West  Point, 
Virginia,  which  is  a  very  quiet  area.  It  is  a  deserted  air  field. 

We  did  some  preliminary  noise  measurement  and  when  we  evaluated 
what  we  got,  we  found  that  there  was  an  unusual  spike  in  the  spec¬ 
tral  analysis  data.  After  further  evaluation  we  found  that  it  was 
a  dog  barking  in  the  distance.  Now,  if  I  find  anything  in  the  future 
that  comes  at  that  particular  frequency,  I  think  I'll  say  maybe  it's 
dogs  barking  in  the  distance.  I  have  some  reservation  in  drawing 
conclusions  too  quickly  based  upon  that  one  experience.  I  disagree 
with  some  of  what  Jim  said.  I  disagreed  also  with  some  of  what 
Harry  showed  yesterday.  He  showed  some  work  relative  to  blade- 
vortex  intersection  which  was  particularly  interesting  and  was  left 
unanswered.  I  recommend  that  we  try  to  leave  these  questions  un¬ 
answered  until  such  time  that  we  have  a  thorough  review  of  what  we 
have  and  a  rigorous  explanation. 

Mr.  Peter  Arcidiacano: 

It  seems  to  me  that  it's  possible  that  one  path  of  speculation 
might  indicate  that  there  is  no  vortex  noise:  that  a  well  stream¬ 
lined  body  operating  in  turbulent  free  air  may  not,  indeed,  generate 
any  vortex  noise,  particularly  if  one  includes  such  things  as  surface 
roughness  on  the  airfoil  to  perhaps  eliminate  the  pure  tone  that 
we  did  observe  under  very  specialized  conditions.  Certainly  in  the 
high  Reynolds  number  ranges  and  even  up  into  stall,  the  pure  tone 
did  disappear  in  this  turbulent  free  environment.  I  wonder,  and  I'd 
like  to  suggest  that  perhaps  a  lot  of  what  people  have  been  calling 
vortex  noise  may  in  fact  be  turbulence  generated  noise. 

Mr.  Richard  White: 

I  refer  to  the  data  that  Dr.  Sadler  was  analyzing  which  we  obtained 
in  your  tunnel.  We  talked  about  this  high  frequency,  and  I  had  them 
try  to  generate  some  turbulence.  They  put  a  tripper  on  it.  It  didn't 
do  anything.  I  think  I  have  to  take  exception  to  some  of  what  you 
say.  However,  we  hope  that  the  data  that  we  are  getting  and  that  we, 
as  well  as  you  people,  are  analyzing  will  give  us  information  to 
better  understand  what  I  am  calling  vortex  noise  in  a  rotor  blade. 

We  get  very  strong  indications  pn  controlled  rotor  tests  that  this  is 
in  fact  there.  But  it  does  not  correlate  with  what  we  are  getting 
with  our  fixed  wing  tests. 
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Mr.  William  Nettles: 

I  refer  to  Jim  Scheiman's  work.  With  air  flow,  it  appeared  that  the 
spectral  character  of  the  rotor  was  definitely  changed.  Instead  of 
having  that  hump  associated  with  vortex  noise,  we  had  almost  a  concave 
signature  except  for  that  one  little  peak,  which  Jim  says  he  doesn't 
believe.  So,  I  can  view  that  as  saying  that  turning  the  air  on  re¬ 
moves  the  wakes  from  the  other  blades,  reduces  the  turbulence  en¬ 
countered  by  the  blades  and  there  is  no  vortex  noise. 

t 

Dr.  Sevin  Wright: 

One  shouldn’t  say  they  believe  or  don't  bel:’  eve  in  vortex  noise.  I 
think  first  of  all  we  should  discuss  what  we  mean  by  vortex  noise. 

The  sound  that  radiates  in  the  upper  frequencies  is  usually  referred 
to  as  vortex  noise.  I  think  we  should  remove  that  word  vortex  and 
talk  about  the  noise  in  the  high  frequencies.  Both  mechanisms  exist. 
What  you  call  vortex  noise,  I  would  prefer  to  call  blade  self  noise  - 
noise  generated  by  the  blade  operating  in  clean  flow  conditions  - 
that  minimum  noise  you  would  get  from  an  airfoil.  The  purpose  of 
the  demonstration  yesterday  was  to  show  how  you  can  increase  that 
minimum  self  noise.  We  run  the  rotor  in  free  air,  no  obstructions 
upstream,  no  crosswind,  no  blowing,  and  the  rotor  noise  was  minimal. 

As  soon  as  we  made  any  external  disturbance  on  the  blade,  the  rotor 
noise  went  up.  If  you  look  in  a  propeller  spectrum,  or  a  helicopter 
spectrum,  in  the  high  frequencies,  you  will  find  a  proportion  of 
broadband  noise  which  I  think  most  people  credit  to  the  shedding 
mechanism.  It  would  tend  to  be  random  and  would  give  a  random  output, 
and  therefore  the  spectrum  would  be  continuous.  But  any  kind  of 
asymmetry  in  the  loading  will  produce  rotational  noise  and  a  discrete 
spectrum.  If  it  is  periodic,  then  it  will  be  discrete,  or  as  the  last 
speaker  indicated,  if  the  inflow  in  wrong,  if  it's  incoming  turbulence, 
then  that  will  give  rise  to  an  increase  in  the  broadband  noise.  So, 
it's  not  an  argument  about  whether  it  exists  or  not  -  both  forms  of 
radiation  exist.  The  argument  really  is  how  much  of  which  dominates. 

In  the  absence  of  obvious  external  influences,  then  I  think  your  self 
noise  is  the  dominant  feature. 

:ir.  James  Scheiman: 

I  agree  with  the  comments  of  Dr.  Wright ,  and  I  think  the  problem  is 
more  of  terminology.  For  example,  von  Karman  described  airfoil  drag 
with  vortex  streets.  If  you  associate  vortices  with  airfoil  drag, 
then  fine.  Also,  in  case  of  lifting  on  the  airfoil,  if  you  take  the 
starting  ar.d  stopping  shed  vortices  and  say  that  they  rodiate  noise, 
and  then  put  fluctuating  lift  on  the  airfoil,  and  then  pu.  fluctuating 
starting  and  stopping  vortices,  and  if  you  believe  Prandtl ' s  theory, 
then  I  think  it’s  hard  to  separate.  You  are  describing  the  same  phe¬ 
nomena  by  two  different  mathematical  techniques j  What  you  mean  by 
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vortex  noise  is  what  it  amounts  to,  I  think.  The  other  comment  I 
have  is  that  in  addition  to  the  testing  that  we  did,  we  put  some 
transition  strips  on  the  airfoil  and  we  definitely  had  separation. 
These  transition  strips  were  directed  towards  changing  the  airfoil 
characteristics.  I  think  it  was  published  in  a  NASA-TN,  which 
came  out  just  a  few  weeks  ago.  But  the  strips  caused  an  increase 
in  the  airfoil  noise  and  there  still  is  a  peak  in  the  radiation 
pattern.  One  of  the  problems  that  is  bothering  me  right  now  is  in 
the  2-dimensional  testing.  Why  is  it  this  has  the  discrete  radia¬ 
tion  whereas  in  3-diraensional  testing  where  the  Strouhal  shedding 
frequency  is  different  along  the  full  span,  we  always  get  one  pre¬ 
dominant  frequency  shedding?  Why  isn't  it  more  broad?  What  radius 
dominates  the  other  radii  in  determining  the  frequency  center?  Why 
is  it  that  with  a  transition  strip  in  it,  definitely  creating  tur¬ 
bulent  flow,  we  had  a  center  band  frequency,  whereas  from  the  2- 
dimensional  tests  that  were  performed,  evidently  with  transition  or 
turbulence  on  the  airfoil,  there  is  no  discrete  frequency.  I  think 
these  are  all  questions  that  will  require  further  investigation. 

Mr.  Richard  White: 

I  would  like  to  take  this  opportunity  to  thank  all  the  authors  in 
my  session  for  their  work  in  preparing  these  papers,  and  in  presenting 
them. 


Aerodynamic  Test 

Professor  Rene  Miller: 

Well,  we'll  try  to  sum  up.  I  think  maybe  I'd  like  to  go  back  to  our 
meeting  of  1968  and  remind  you  of  a  curve  that  I  showed  at  that  time, 
which  I  think  emphasizes  the  importance  of  test  in  the  evaluation  of 
helicopter  rotor  noise.  This  slide  shows  the  penalty  that  is  paid 
for  producing  noise  based  purely  on  test  results.  It's  based  on 
Sheila  Widnall's  data.  It  tells  you  that  as  you  reduce  the  tip  Mach 
number  you're  going  to  get  a  penalty  in  performance  and  that  the  main 
reduction  in  noise  is  going  to  come  from  reducing  rotor  tip  speed. 

I  think  we  have  to  bear  in  mind  this  basic  problem  which  we  have  is 
just  to  cut  down  rotor  noise.  I  think  Colonel  Buchan  made  the  point 
very  clear  last  night  that  we  can't  wait  for  very  refined  theories: 
we  have  to  do  something  about  rotor  noise.  There  is  a  limit  to  how 
far  you  can  go  in  reducing  rotor  noise  by  reducing  rpm.  This  limit 
is  actually  a  limit  due  to  the  geometry  of  the  rotor.  Only  a  certain 
number  of  blades  can  be  put  into  the  rotor  before  the  weights  go  up 
asymptotically.  So  far  we  really  have  nothing  in  the  peat  two  days 
which  indicates  that  we  have  a  real  means  of  reducing  rotor  noise 
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other  than  reducing  tip  speed  and  increasing  the  number  of  blades, 
and,  of  course,  playing  around  with  the  separation  of  the  rotor  to 
reduce  the  impulsive  noise.  We  should  not  be  concerned  with  trying 
to  differentiate  between  vortex  noise  and  periodic  noise,  but  should 
try  to  concentrate  specifically  on  the  problem  of  how  to  cut  down 
the  noise.  So  far,  the  only  tools  we  have  are  from  test  results. 
Consequently,  I  think  that  the  papers  that  were  presented  .in  this 
session  or.  the  aerodynamic  test  are  of  particular  significance.  I 
would  like  to  draw  your  attention  to  one  item  which  you  can  also  see 
by  looking  at  the  data.  The  test  data  for  rotational  noise  presented 
by  Boeing  and  Sikorsky  both  show  about  a  10  db  error  between  the  cal¬ 
culated  and  the  experimental  data.  The  problem  that  we  are  up  against 
is  that  we  really  have  no  techniques  at  the  present  time  for  predicting 
rotational  noise.  This  is  primarily  because  of  our  lack  of  knowledge 
of  the  high  frequency  content  of  the  rotor.  The  paper  by  Sevin  Wright 
contained  the  interesting  statement  that,  as  I  interpret  it,  given  the 
periodic  forces,  you  can  predict  the  noise.  However,  we  all  realize 
that  these  forces  are  not  yet  given.  The  paper  by  Harry  Sternfeld 
showed  a  fascinating  problem  which  is  associated  with  the  lack  of  bang 
at  vortex  interaction.  A  follow-on  paper  by  Bobo  on  the  effect  of 
drag  rise  on  triggering  this  slap  was  an  interesting  and  original  con¬ 
tribution.  It  would  be  interesting  if  Harry  would  expand  his  paper 
and  play  us  a  tape  showing  how,  by  these  straightforward  things  that 
I  mentioned,  he  has  succeeded  in  achieving  an  appreciable  noise  re¬ 
duction. 

i 

Mr.  Harry  Sternfeld: 

I  am  sure  you  will  all  recognize  that  this  is  extremely  spontaneous. 
Professor  Miller  and  I  had  discussed  this  and  we  thought  the  two 
things  which  this  tape  illustrates  are:  (l)  we've  got  to  produce 
now,  and  (2)  we  know  that  better  can  be  done,  but  we  can't  wait. 

You've  heard  a  lot  of  reference  to  the  3^7,  a  Chinook  derivative, 
throughout  the  meeting  by  other  speakers.  There  will  be  three  steps 
in  each  of  these  sound  tape  sequences.  The -first  is  the  original 
Chinook,  the  A  model,  which  had  absolutely  no  concession  for  noise 
reduction  in  its  design.  The  performance  and  production  costs  were 
the  driving  parameters.  Then  we  came  to  the  C  model  and  found  out 
that  if  we  adjust  the  rotor  tilt  we  can  make  improvements,  particu¬ 
larly  at  high  forward  speed.  So,  the  C  model  has  different  blade 
vortex  separation.  The  3^7  was  made  from  the  Chinook,  but  reduced 
rotor  noise  and  elimination  of  rotor  bang  were  primary  program  ob¬ 
jectives.  We  made  the  aft  pylon  30  inches  longer  and  we  made  the 
fuselage  110  inches  longer.  That  got  us  blade  vortex  separation. 

We  put  a  4-bladed  rotor  on  it  and  slowed  the  tip  speed  down  from 
about  720  to  650  feet  per  second.  The  first  set*  of  tapes  is  in 
the  sequence  of  first  the  A,  then  the  C,  and  then  the  3^7.  We  will 
hover,  fly  at  50  knots,  120  knots  and  167  knotsjon  the  3^7*  One 
of  the  places  where  the  problem  is  not  solved  is  in  hover.  The 
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microphone  on  the  fly-bys  is  200  feet  on  the  right  side  of  each  air¬ 
craft.  The  microphone  in  the  hover  is  at  a  200  feet  radius  at  the 
azmuth  of  the  worst  impulse  noise.  This  azimuth  changes  and  we  can 
relate  it  to  the  position  of  the  blades  in  the  vortices.  (The  tapes 
were  played  and  noise  reductions  were  evident.;) 

Professor  Rene  Miller: 

I  think  these  tapes  are  very  interesting.  The  need  for  these  test 
data  is  extremely  evident  -  we  need  tests  badly.  However,  this 
doesn’t  downgrade  in  any  way  the  need  for  theory,  for  unless  we  have 
the  theory  and  analyses  we  really  don’t  know  what  we  are  testing. 

I  had  to  cut  the  discussion  off  yesterday  at  several  places.  In 
the  paper  by  Sevin  Wright  we  were  in  the  midst  of  discussing  the 
classical  topic  of  "Can  the  rotor  noise  be  entirely  described  by 
periodic  forces?"  In  the  second  paper,  I  think  there  was  sufficient 
discussion  unless  you  want  to  comment  on  the  tapes  we  heard  this 
morning.  The  third  paper  was  ah  interesting  survey  by  Barney  McCormick 
on  his  work.  He  showed  a  comparison  between  the  simplified  theory  and 
the  test.  These  simplified  theories  are  always  attractive  as  a  means 
of  understanding  the  phenomena  with  which  we  are  dealing.  The  dis¬ 
cussion  ended  on  a  question  as  to  how  important  the  angle  of  a 
dissection  was.  The  fourth  paper  that  came  up  was  by  Mr.  Schlegel. 

How,  let’s  continue  yesterday's  discussion. 

Mr.  William  Hetties: 

With  regard  to  the  data  that  Harry  just  showed  us,  and  I'd  like  to 
address  this  to  Sevin  Wright  in  particular,  there  are  two  ways  that 
Mach  number  can  get  to  us.  They  are  perhaps  dependent,  but  they 
could  be  called  quasi-independent,  whatever  that  means.  One  is  in 
the  compressive  effect  on  the  aerodynamic  noise  source.  The  other 
is  the  compressibility  effect  on  the  propagation  of  the  noise.  I 
believe  these  two  are  essentially  independent.  If  my  contention  is 
correct,  does  Dr.  Wright  think  the  increased  tendency  toward  popping 
as  Mach  number  was  increased  was  the  result  of  the  propagation  ef¬ 
fect  or  compressibility  effect  over  the  airfoil  itself? 

Dr.  Sevin  Wright : 

I  think  there  were  three  Mach  number  effects  there.  One  is  the  source 
strength  or  the  effect  of  aerodynamics.  Then,  the  effective  Mach 
number  affects  the  radiation  cancellation  mechanism.  Thirdly,  the 
effective  Mach  number  affects  the  directivity  and  also  the  sound 
power  radiated  through  the  doppler  effect.  So,  there  are  three  points 
there. 
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Mr.  William  Nettles: 

Mr.  Sternfeld's  tape  seems  to  show  an  increasing  popping  characteristic 
when  you  increase  the  Mach  number,  fty  question  concerns  the  cause  for 
this. 

Dr.  Sevin  Wright: 

I  think  it's  basically  the  source,  the  fact  that  it  increases  the  in¬ 
tensity  of  the  magnitude  of  the  fluctuating  lift  on  the  blade.  This 
increases  the  radiation,  therefore,  increasing  the  popping  sound. 

Dr.  Richard  Lyon: 

I  have  to  take  issue  with  that,  at  least  in  terms  of  our  calculations. 

Our  studies  of  the  effective  radiation  of  the  tip  due  to  thickness 
and  lift  effects  simultaneously  have  in  them,  explicitly  in  the  analyses, 
the  effect  of  the  changing  speed  on  the  source  strength  and  the  effect 
of  the  changing  speed  on  the  radiation  efficiency,  which  is  what  Sevin 
meant  when  he  said  the  cancellation  effect.  How,  it's  very  clear  in 
our  calculations  for  acceleration  of  the  blade  near  Mach  1  that  the 
radiation  efficiency  effect  far  outweighs  the  effect  of  fluctuating 
lift  or  the  fluctuating  sources  due  to  volume  displacement  on  the 
blade.  These  come  out  as  explicit  terms  in  our  analysis.  We  can  com¬ 
pare  one  against  the  other  and  there  is  no  question  that  for  accelera¬ 
tions  near  Mach  1,  the  radiation  effect  is  far  stronger  than  the  source 
strength  effect.  You  have  to  evaluate  the  source  strength  at  the  point 
of  maximum  radiation,  it  has  that  effect,  but  the  fact  that  it  fluc¬ 
tuates  in  strength  near  that  point  of  maximum  speed  does  not  have  an 
effect.  It's  merely  the  acceleration  and  deceleration  of  the  blade. 

Dr.  Sevin  Wright: 

I  agree  with  you  if  it's  a  point  source  and  you're  talking  about  steady 
forces.  Hear  Mach  1  these  things  tend  to  dominate.  But  I  think  blade 
slap  is  a  particular  case  where  it's  a  very  local  region  in  the  disc 
that  radiates.  You  can  almost  treat  it  as  a  stationary  problem,  be¬ 
cause  the  blade  slap  impulse  is  not  to  be  regarded  as  in  motion.  The 
point  at  which  it  occurs  is  a  particular  point  in  the  flight  path  and 
it's  not  as  though  you're  treating  the  problem  as  a  constant  source 
in  motion.  It  only  occurs  a  few  milliseconds  for  each  blade  revolution 
and  so  the  stationary  approach  would  give  you  this  effect  without  any 
cancellation. 

Dr.  Richard  Lyon: 

The  directivity,  itself,  denies  that  assumption,  because  you  cannot 
have  directivity  from  a  point  source  that  is  strongly  leaning  forward. 

It  takes,  in  fact,  a  convection  effect  which  means  that  the  wavelength 
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must  preserve  itself  over  several  of  its  own  lengths  in  order  to  get 
sufficient  coherence  along  the  flight  of  the  source  in  order  to 
radiate  directively.  So,  the  fact  that  you  get  for  the  thickness 
effect  a  solid  cone  of  only  10  degrees  and  for  the  lift  effect  this 
double  cone,  but  still  within  a  beam  width  of  about  15  degrees, 
itself  means  that  the  source  must  be  important  over  about  3  or  U 
wavelengths  at  the  frequencies  you  are  considering.  You  cannot  have 
directivity  unless  you  have  a  source  that  is  extended  in  phase.  Now, 
it  looks  like  a  point  source  when  you  take  a  picture  of  it  but  it 
must  preserve  itself  over  some  distance  in  order  to  have  that  di¬ 
rective  effect. 


Dr.  Sevin  Wright: 


Have  you  measured  these  directivities  for  impulsive  noise,  such  as 
blade  slap?  Have  you  shown  that  the  dipole  is  in  fact  pushed  forward? 
We  are  familiar  with  this  idea  that  in  forward  flight,  the  directiv¬ 
ities  move  forward.  I'd  like  to  ask  Harry  Sternfeld  about  the  direc¬ 
tivity  of  the  recordings  we  heard  this  morning.  I  have  not  heard 
many  tandem  rotors  banging  but  on  single  rotors  the  directivity  is 
always  pointed  forward.  In  other  words ,  you  hear  the  banging  on  ap¬ 
proach  and  it  ceases  overhead.  And  that  was  the  point  where  Jim 
Scheiman  cried  "vortex  noise".  We  heard  the  banging  and  as  soon  as 
the  helicopter  passed  overhead  the  banging  ceased  and,  in  Dick  White’s 
terminology,  the  vortex  noise  was  audible.  The  way  I  see  that  is,  if 
you  think  of  a  simplified  model  of  a  dipoie  produced  by  this  very 
localized  loading  in  the  disk,  this  dipole  will  be  tilted,  depending 
upon  the  angle  of  attack,  and  so  on.  You  can  explain  this  very  nicely 
if  you  assume  that  the  dipole,  particularly  on  a  single  rotor,  is 
tilted  forward  as  a  function  of  the  blade  angle  of  attack.  The  lower 
lobe  of  the  dipole  will  be  pointing  forward  and  the  upper  lobe  will 
be  pointing  up  in  the  air,  so,  you  will  only  hear  sound  in  the  forward 
direction. 

Dr.  Richard  Lyon; 

A  dipole  that  is  tilted  forward  has  a  directivity  index  of  6  db 
and  i  think  the  directivity  is  stronger  than  that. 


Dr.  Sevin  Wright: 


Along  a  line  normal  to  the  dipole,  the  radiation  is  0,  so  you  have  an  • 
infinite  number  of  db’s  from  right  angles  to  along  the  axis  of /the 
dipole.  1 
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Hr.  Harry  Sternfeld: 
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I  have  two  pieces  of  information  to  impart.  First  of  all  with  respect 
to  directivity,  if  you  listen  carefully  or  if  you  look  at  a  stripout 
of  the  tape  as  the  aircraft  approaches  in  the  distance  you  would  see- 
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that  with  a  tandem  rotor  the  number  of  pulses  is  twice  the  blade 
passage  period  of  one  rotor.  As  the  aircraft  gets  close  to  overhead 
but  is  still  on  the  approach,  you  will  hear  that  period  halved.  Then 
you  can  hear  the  squish  which  may  be  vortex  noise  or  modulated  engine 
noise.  The  length  of  time  that  the  single  rotor  noise  exists  cor¬ 
relates  quite  closely  with  the  time  it  takes  the  aircraft  to  travel 
the  distance  between  its  two  rotors.  So  the  noise  is  very  strongly 
radiated  forward  and  in  the  distance  we're  seeing  it  coming  from  the 
two  rotors,  then  we  have  a  period  when  we  see  it  coming  only  from 
the  one  rotor  and  then  it  goes  away.  The  other  point  of  information 
I  wanted  to  supply  was  that  if  we  plot  the  sound  pressure  level  against 
Mach  number,  look  for  a  knee  in  the  curve,  and  then  we  plot  those,  the 
shape  just  about  follows  the  drag  divergence  curve  for  the  airfoil  and 
seems  to  be  in  the  vicinity  of  Mach  0.5  to  0.6  or  higher.  The  shape 
appears  to  be  very  strongly  associated  with  the  divergence  curve. 

Mr.  James  Scheiman: 

I'm  not  sure  the  distinction  between  vortex  noise  and  rotational  noise 
is  really  clear.  For  example,  I  think  Loewy  and  Sadler,  in  their 
theory  in  which  they  try  to  describe  a  vortex  noise,  show  there  is 
fluctuating  lift  force  at  the  rate  at  which  von  Karraan  vortex  streets 
are  shed,  and  there  is  a  fluctuating  drag  force  which  is  twice  the 
frequency  of  the  fluctuating  lift  force.  PrandtT  described  the  whole 
lift  on  the  airfoil  with  his  lifting  line  theory.  How,  if  we  say 
we're  going  to  use  lifting  line  theory  to  describe  the  lift  forces  on 
a  blade  or  the  fluctuating  lift  forces  on  a  blade,  then  the  problem 
is  one  of  using  the  vortices  to  describe  the  fluctuating  pressures  on 
the  blade  or  is  one  of  using  the  fluctuating  pressures  on  the  blade 
to  calculate  its  noise.  I  think  we're  both  trying  to  solve  the  same 
problem,  looking  from  different  directions.  I  think  it's  wrong  to  say 
it's  all  vortex  noise  or  it's  all  rotational  noise.  I  don't  think  we 
understand  enough  about  it  and  I  think  vortex  noise  terminology  is  a 
poor  choice. 

Dr.  B.  W.  McCormick; 

You  mentioned  that  in  order  to  predict  the  impulsive  noise  we  would 
need  to  know  the  shape  of  the  pulse  which  is  producing  this.  I  think 
here  is  an  area  where  we  need  some  further  testing.  Nobody  really 
knows  the  shape  of  a  vortex  coming  off  a  rotating  blade  at  high  Mach 
numbers.  There  haven't  been  any  measurements.  Somebody  should  give 
some  thought  as  to  how  to  obtain  a  velocity  field  through  a  vortex 
coming  off  a  rotating  blade  at  fairly  high  Mach  numbers.  Also,  let 
me  mention  the  effect  of  the  intersection  angle  where  Dr.  Widnall 
and  I  seem  to  have  a  disagreement.  She  said  at  the  lower  values  of 
intersection  angle  she  obtained  a  higher  noise  level.  I  said  that 
at  the  lower  angle  the  pressure  differences  across  the  section  tended 
to  decrease.  In  the  lower  angle  intersection  case,  the  entire  blade 


is  being  influenced  at  once  by  the  vortex  and  even  though  you  may 
have  smaller  differential  pressures,  the  noise  level  could  certainly 
be  higher  in  that  case.  So  I'm  not  sure  there  is  really  a  disagree¬ 
ment  . 


Ronald  Schlegel: 


I  think  in  our  rush  yesterday  we  missed  a  few  points  in  the  study 
which  we  had  conducted.  I'd  like  to  take  a  few  minutes  to  hit  some 
of  its  highlights.  This  study  has  just  been  released  by  AVLABS  as 
Technical  Report  70-72  of  June  1971*  It's  a  rather  comprehensive 
study  and  I  think  it  has  some  good  data  in  it.  As  a  matter  of  fact, 
it  asks  a  lot  of  questions  and  doesn't  necessarily  answer  as  many 
as  it  asks.  We  were  looking  at  rotor  impulsive  noise  (RIN)  as  an 
impulsive  noise.  I  want  to  point  out  the  purpose  and  intent  of  the 
progi*am.  We  had  a  program  which  was  being  conducted  on  the  CH-53A 
to  measure  rotor  loads.  A  blade  that  was  very  well  instrumented 
with  surface  pressure  transducers  both  chord-wise  and  radially  was 
used.  Since  this  is  one  of  the  few  aircraft  that  we  built  that  we 
have  been  able  to  experience  rotor  impulsive  noise  on,  it  offered 
to  us  an  opportunity  to  study  this  phenomena.  We  contracted  with 
AVLA3S  under  the  direction  of  John  Yeates  to  conduct  this  study 
along  with  the  loads  study.  It  was  really  a  3-phase  study.  It  in¬ 
cluded  measuring  noise  concurrently  with  measuring  the  loads  on  the 
helicopter  and  also  at  the  same  time  conducting  some  inside  measure¬ 
ments  of  the  noise  generated.  The  second  phase  was  a  data  analysis 
phase  in  which  we  looked  at  the  data  with  greater  detail  than  we 
had  before.  All  of  the  data  was  reduced  using  real  time  analyses. 

We  saw  some  things  which  we  had  never  seen  before,  such  as  the  fact 
that  has  been  brought  out  today  by  many  people  that  rotor  impulsive 
noise  is  a  manifestation  of  rotational  noise.  In  other  words,  it  is 
periodic  noise.  By  doing  real  time  analysis  we  are  able  to  see  that 
it  was  very  ordered  noise,  extending  well  out  into  the  ^00  -  500  Hz 
regions.  We  were  also  able  to  determine  that  the  types  of  impulsive 
noise  which  we  got,  at  least  on  the  CH-53A  type  of  helicopter,  were 
different  for  hover  and  cruise  conditions .  The  hover  rotor  impulsive 
noise  is  more  associated  with  blade  loading  vortex  interaction  and 
the  cruise  noise  was  extremely  directional  in  the  forward  plane  of 
the  rotor,  indicating  the  probability  of  blade  Mach  effects  as  well 
as  profile  drag.  'We  did  some  modifications  to  our  acoustic  analyses 
which  included  blade  motion  terms .  One  of  the  things  which  we  also 
tried  to  show  was  whether  with  this  acoustic  analysis  we  could  even 
approach  the  prediction  of  rotor  impulsive  noise.  We  got  some 
qualitative  agreement.  We  found  that  without  the  inclusion  of  the 
drag  and  the  source  translational  terms  for  the  forward  flight  case, 
where  we  started  getting  into  rotor  impulsive  noise,  that  we  were 
not  capable  of  predicting  the  highly  directional  characteristic  of 
the  sound  nor  were  we  able  to  predict  the  level  to  any  extent.  In 
other  words,  the  analysis  failed  for  high  speed  rotor  impulsive  noise. 


We  were  not  able  to  predict  above  the  4th  or  5th  harmonic  for  even 
normal  inflow  conditions  such  as  hover  very  well  either.  As  Dr. 
Truitt  mentioned  earlier,  there  is  an  awful  lot  of  work  to  be  done 
to  gain  a  better  understanding  of  the  higher  harmonics  of  load. 
Another  conclusion  was  that  when  we  modified  the  analysis  to  include 
blade  slapping  and  coning  as  steady  and  first  harmonic  effects,  we 
did  not  significantly  improve  the  correlation  of  measured  and  pre¬ 
dicted  noise  level. 

I  would  like  to  recommend  as  one  final  thought  that  we  make  a  con¬ 
certed  effort,  possibly  through  some  central  committee  which  may  be 
the  AHS  or  another  organization  like  ASSP,  to  standardize  some  of 
the  terminology  which  we  use. 

Professor  Rene  Miller: 

I  don't  think  we  want  to  lose  sight  of  the  fact  that  right  now  the 
only  way  to  reduce  rotor  noise  is  by  slowing  down  the  rotor  and  in¬ 
creasing  the  number  of  blades.  From  the  chart  I  showed,  we  see 
that  10  db  reduction  is  going  to  cost  20%  -  30%  increase  in  gross 
weight.  You  can  tolerate  that  on  a  commercial  vehicle  because 
direct  operating  cost  doesn't  change  much  with  gross  weight  for  many 
reasons.  We  obviously  can't  tolerate  it  for  military  aircraft.  The 
important  thought  I  would  like  to  leave  on  this  session  is  that  what 
we  need  right  now  more  than  anything  else  is  not  so  much  a  better 
definition  of  the  terms,  but  more  tests  which  give  us  other  tools 
than  cutting  down  the  rotor  speed,  such  as  blade  tips  and  revised 
loading  distribution  on  the  blade,  to  reduce  noise.  Much  of  the 
work  that  is  going  on  now  on  non-rigid  weights  will  give  some  in¬ 
dication  on  how  to  do  this.  We  need  more  tests  and  more  theory  on 
how  to  interpret  these  tests,  but  we  have  to  find  rome  other  way  of 
reducing  noise  than  just  reducing  tip  speed.  I  think  it  is  important 
to  recognize,  too,  that  we  have  other  vehicles  than  the  helicopter 
coming  along,  which  have  entirely  different  noise  characteristics. 

I'm  thinking  of  the  tilt  rotor  and  the  tilt  wing.  We  do  have  l-.o  get 
test  data  to  try  and  get  a  better  handle  on  how  to  reduce  the  noise. 


Environmental  and  System  Studies 

Dr.  Franklin  Hart: 

Let's  briefly  look  at  the  section  on  environment  and  systems  studies. 
One  item  early  in  the  program  was  identified  as  detectability  and 
annoyance.  There  were  three  main  sections  under  that  heading.  One 
was  ground  and  environmental  attenuation  in  masking,  utilizing  exist¬ 
ing  theories .  The  types  of  recommended  tests  involved  were  field 
tests  to  be  made  under  different  environmental  conditions  involving 
troops  and  aircraft.  Another  area  was  strictly  subjective  response 
and  a  third  was  criteria.  Under  the  heading  of  systems  analysis,  the 


topics  were  vulnerability  vs.  noise  reduction,  management  of  ef¬ 
fectiveness  of  noise  reduction  and  development  of  Army  criteria 
and  the  penalties  involved.  I  think  you  can  see,  based  on  what  we 
had  in  this  combined  session,  that  this  area  is  perhaps  lagging 
in  terms  of  totai  effort  being  given  to  all  of  the  areas  that  have 
been  identified  as  being  prominent.  Particularly,  we  are  talking 
about  annoyance  and  detection,  and  these  things  are  not  the  same. 
Which  should  you  give  priority  to?  I  am  not  sure  we  have  gotten 
to  the  point  here  where  we  can  really  ask  all  the  right  questions. 

The  first  of  the  three  papers  presented  was  given  by  Bob  Simpson. 
Here  he  was  talking  about  direct  operating  costs  vs.  noise  and 
procedures  for  achieving  operational  reductions.  He  utilized  the 
teim  vortex  noise.  He  did  have  an  analytical  term  there  that  he 
could  put  into  his  program,  and  I  think  we  should  keep  in  mind  that 
that  was  the  essential  point.  Also,  I  believe  he  indicated  that 
on  the  data  he  used  the  annoyance,  the  PNL,  was  something  like  10 
plus  the  sound  pressure  level.  This  is  a  very  restricted  look  at 
the  total  noise  of  the  aircraft.  This  is  certainly  no  criticism 
because  all  of  these  things  can  be  built  into  the  model  when  he 
has  the  right  analytical  predictions  techniques. 

In  the  second  paper,  Pao  covered  sound  attenuation  over  simulated 
ground  cover.  He  showed  that  there  were  selective  frequency  bands 
where  you  get  more  attenuation.  The  discussion  following  the  paper 
started  on  the  fact  that  he  used  a  simple  source  and  how  these  pre¬ 
dictions  change  if  you  use  a  more  realistic  sound  source,  as  for 
example  a  helicopter. 

The  last  paper,  by  Dr.  Evans,  was  on  atmospheric  absorption  of  sound 
Nitrogen  was  identified  as  a  more  important  part  of  the  absorption 
than  previously  reported.  It  was  also  pointed  out  that  some  of  the 
people  working  in  the  field  would  like  to  have  the  data  cover  at 
least  one  additional  octave  band  beyond  what  he  had  in  the  paper. 
Also,  he  discussed  how  he  is  going  to  bring  temperature  into  the 
atmospheric  absorption  picture.  The  problem  of  human  factors,  which 
we  like  to  think  about  in  systems  has  received  little  attention  here 
This  area  of  environmental  considerations  and  systems  analysis  is 
not  receiving  the  effort  that  some  of  the  other  areas  are.  Now,  I 
think  it  would  be  well  to  ask  for  points  of  discussion  on  Bob  Simp¬ 
son's  paper. 


Dr.  Richard  Lyon: 


You  pointed  out  that  there  rre  loudness  criteria  and  there  are  de¬ 
tection  criteria.  If  we  do  achieve  V/STOL  aircraft  at  perceived 
noise  levels  of  95  cib  at  500  feet,  that  means  that  at  a  quarter  of 
a  mi-le  away  they  are  in  an  urban  background  noise.  Perhaps  the 
proper  question  then  is  one  for  criteria.  That  is,  maybe  you  can 
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detect  it  but  can  you  classify  it.  I  bring  that  up  because  there 
is  a  very  interesting  set  of  tapes  by  Hamilton  Standard  on  the  DHC-7 
flying  past  at  a  distance  of,  I  think,  a  quarter  of  a  mile  in  the 
presence  of  urban  background.  There  is  a  freeway  nearby,  and  when 
the  DHC-7  goes  by,  it  is  clearly  audible  but  it  sounds  like  a  truck. 
That  is,  if  you  don't  know  it's  there  you  cannot  tell  that  it's  an 
airplane.  When  we  begin  to  get  these  aircraft  quieter,  from  a  com¬ 
mercial  point  of  view  the  criteria  may  include  classification. 

Mr.  William  Nettles: 

The  x’act  of  the  matter  is  that  detection  is  a  problem.  But  as  far 
as  the  Army  is  concerned,  I  think  they  are  beginning  to  realize  that 
the  man  working  around  a  helicopter,  the  man  flying  in  a  helicopter, 
whether  he  is  crew  or  passenger,  must  be  thought  of  as  well.  I 
believe  the  Army  i3  beginning  to  recognize  this  as  more  of  a  problem, 
particularly  when  they  are  working  on  something  like  the  heavy-lift- 
helicopter  where  men  will  be  working  on  the  ground  below  the  heli¬ 
copter.  One  of  the  interesting  points  is  that  anything  that  you  do 
to  quiet  in  the  detection  end  will  probably  help  you  in  the  other 
end  as  Well.  So  I  think  the  Army  is  giving  consideration  to  this 
other  problem. 

Mr.  Richard  White; 

I'm  going  to  use  this  last  session  and  Simpson's  paper  as  an  excuse 
to  say  something  else.  What  we  have  been  working  on  is  getting  rid 
of  the  problem  area  of  the  tip  vortex.  We  have  been  notably  success¬ 
ful  is  small  model  experiments  and  have  obtained  almost  negligible 
degradation  of  performance.  We  are  going  to  test  a  large  tip  section 
of  the  HU-l-D  blade.  If  we  are  successful  with  the  full  scale  blade 
section,  we  hope  this  can  be  followed  by  a  whirl  tower  test,  running 
under  conditions  of  rotor  blade  slap  to  demonstrate  that  we  did  get 
rid  of  the  high  induced  effect  because  we  have  gotten  rid  of  the 
vorticity. 


Mr.  Harry  Sternfeld: 

I  just  want  to  read  into  the  record  that  Langley  is  doing  quite  a 
bit  of  work  in  the  Human  Factors  area.  They  are  sponsoring  Sikorsky's 
program  on  vibration  and  noise  on  pilots.  We  have  been  involved  in 
programs  on  subjective  response  to  V/STOL  noise  and  so  have  other 
people.  So  there  is  an  agency  which  is  working  on  this  in  conjunc¬ 
tion  with  the  Army  and  independently.  This  should  be  at  least  recog¬ 
nized. 

Mr.  Richard  Lewis: 

We,  at  the  Aviation  Systems  Test  Activity,  are  conducting  a  very  com¬ 
prehensive  series  of  tests  in  conjunction  with  the  people  at  AVLABS, 


in  which  we  are  going  to  be  measuring  in-flight  vibrations  on  all 
of  the  fleet  aircraft.  We  have  also  done  some  work  of  great  im¬ 
portance  to  the  Army  on  the  effect  on  crew  environment  during 
weapons  firing.  I  think  you  know  that  most  of  the  aircraft  are 
flown  with  doors  off.  We  have  measured  sound  levels  on  the  0H6 
during  firing  of  very  small  weapons  (the  5.56  and  7*62)  in  excess 
of  150  db  in  the  cockpit.  This  is  another  area  that  may  be  of 
great  interest  in  the  future. 

(Call  for  discussion  on  Ground  Attenuation  and  Atmospheric  Absorption) 
Dr.  L.  B.  Evans: 

I  would  like  to  comment  that  when  you  try  to  correct  your  data  and 
use  our  curves,  be  aware  that  these  absorption  coefficients  are 
plotted  as  a  function  Of  frequency  over  pressure.  For  an  extreme 
case,  a  half  atmosphere  pressure  of  1000  Hz  signal  gets  absorbed 
like  it's  2000  Hz.  If  it's  low  humidity,  this  can  make  as  much  as 
5  or  6  db  per  1000  feet.  If  I  em  going  to  put  out  this  interim 
report  and  set  of  tables,  I  wouli  like  to  be  sure  that  I  have  the 
coefficients  and  type  of  units  engineers  would  like  to  use.  So, 
let  me  know  if  anybody  wants  anything  different  from  db  per  thousand 
feet.  Another  question.  We've  heard  a  lot  about  helicopter  noise, 
but  nothing  about  the  infrasonic  spectrum.  Is  it  important?  Does 
a  helicopter  put  out  1  Hz  signals?  The  reason  I  ask  this  is  that 
Harry  mentioned  you  could  hear  this  one  helicopter  five  miles  away. 

If  it  puts  out  an  infrasonic  signal,  you  might  be  able  to  hear  it 
20  miles  away.  Does  anybody  have  any  information  on  this?  Is  the 
A’vny  even  interested  in.  this  type  of  detection?  Does  anybody  know 
what  the  spectrum  might  look  like? 


Mr.  Harry  Sternfeld: 


We  certainly  have  the  blade  passage  period,  which  is,  if  you  like, 
infrasonic,  depending  on  the  aircraft  it  could  be  10  Hz.  So  there's 
certainly  that  fundamental  which  falls  off  on  the  audio  range.  I 
can't  speak  below  that  -  I  don't  know  if  anyone  can.  But  certainly 
fundamental  blade  passage  periods  of  the  order  of  10  -  15  are  very 
common,  so  it's  not  unimportent. 


Dr.  L.  B.  Evans: 

Very  recently  I  have  seen  data  from  White  Sands  Missile  Range  de¬ 
tecting  a  cannon  shot  1*7  miles  upwind,  and  to  me  this  is  rather 
remarkable.  They  are  looking  at  1  Hz  signals.  Also,  at  Ft.  Mon¬ 
mouth  they  detect  the  Saturn  V  first  stage  when  it  reenters  the 
atmosphere  about  1500  miles  away.  Again,  it's  1  Hz  type  signals. 
So,  perhaps  there  is  a  long  range  detectability  factor  here  that 
we  could  look  at. 
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Mr.  Richard  Ballard: 

I  would  like  to  thank  the  session  chairmen  and  others  for  their 
participation. 


Mr.  Jaines  Murray: 


I  want  to  thank  you  all  for  participating.  There  has  been  some  sug¬ 
gestion  that  there  be  a  follow  up  meeting  of  this  nature.  Any  sug¬ 
gestion  of  this  within  the  next  year  or  two  year’s  time  is  entirely 
dependent  upon  the  productivity  of  you  people,  and  the  efficiency 
with  which  you  do  the  work  in  question  -  whether  you  think  it  would 
be  satisfactory  to  have  a  meeting  two  years  from  now  or  three  years 
from  now,  ten  years  from  now  or  six  months  from  now.  Any  suggestions 
as  to  where  it  should  be,  how  it  should  be  or  when  it  should  be? 


Dr.  Sheila  Widnall: 

What  is  the  relationship  between  this  meeting  and  the  Theme  reviews 
that  you  liave  ? 


Mr.  James  Murra 


This  is  more  specialized.  We  have  over  30  projects  in  the  helicopter 
area,  of  which  this  is  a  component  part  representing  about  8  or  9. 
we'd  rather  break  it  up  because  it  gets  a  little  too  specialized. 
After  all,  you've  had  four  sessions  here.  I'm  afraid  the  other  two- 
thirds  of  the  investigators  in  the  program  might  not  find  it  attrac¬ 
tive.  We  would  be  running  double  sessions  and  I  don't  think  we  are 
in  a  position  to  do  that  at  this  time.  My  suggestion  is  that  the 
next  meeting  should  be  hosted  by  the  Ames  people  if  they  are  so 
inclined.  In  that  way,  their  people  out  there  could  participate  a 
little  bit  more  directly. 


